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I Abstract i
E i l i p s o m e t r y ,  R e f l e c t a n c e  a n d  M o d u l a t e d  S p e c t r o s c o p y  o f  
B u l k  a n d  M u l t i - l a y e r  S e m i c o n d u c t o r  S t r u c t u r e s  
I A b s t r a c t
Vertical-cavity surface-emitting lasers (VCSELs) are complex multi-layer 
structures whose operating characteristics are highly sensitive to variations in layer 
thickness and composition. They contain an active region of one or more quantum 
wells sandwiched between highly reflecting mirrors. Non-destructive optical 
characterisation techniques including reflectance spectroscopy, spectroscopic 
eilipsometry and photomodulated reflectance have been used to examine these  
structures and various components of them. In addition, the relatively novel 
technique of photomodulated spectroscopic eilipsometry has been examined in 
comparison with photomodulated reflectance in the characterisation of bulk, multi­
layer and quantum well material.
The distributed Bragg reflectors of VCSELs provide the high reflectance 
required over a selected wavelength range. Optical measurements were used to 
determine important information concerning layer thicknesses and compositions, 
which were confirmed with X-ray diffraction and transmission electron microscopy. 
The techniques were also used to provide important information concerning growth 
and uniformity, which could be readily applied for feedback to growers or for device 
fabrication.
Novel reflectance and photomoduiated reflectance measurements made on 
a range of laser structures designed to operate over a range of wavelengths from 
650 nm to 1 pm were used to examine the characteristics of the reflectors and the 
active region of the lasers. The cavity mode observed clearly indicates the lasing 
wavelength, and the interaction of the cavity and quantum well has been 
interpreted using new lineshapes. The cavity mode and quantum well resonance 
observed in photomoduiated reflectance has been shown to provide a clear 
indication of where devices can be fabricated successfully from non-uniform 
material. The identification of the cavity and quantum well features has also 
enabled important information concerning the changes in structure and therefore in 
device performance with temperature and pressure. Measurements have also 
been able to provide important information to explain the variation in performance 
of som e devices.
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1. Introduction 1
1 .  I n t r o d u c t i o n
The semiconductor electronics industry has grown rapidly over the last fifty 
years from a subject of pure research restricted to a few laboratories into one of 
the cornerstones of worldwide modern-day society. The first humble transistor 
Bardeen, 1949, Pearson, 1955 has Spawnecj a m y r jac| 0f devices developed from an ever-
increasing variety of materials and structures Sze’ 1981. From germanium (Ge) and 
silicon (Si), semiconductor compositions have exp&tfJUd} from elem ents to 
compounds and ternary and quaternary alloys containing elem ents from groups II, 
III, IV, V and VI of the periodic table Sm,th’1987. There has been particular interest in 
the lll-V compound semiconductor GaAs that p o ssesses  a direct bandgap and is 
therefore valuable for the production of efficient optical devices Sze’1981.
Semiconductor materials can now be routinely doped to obtain free 
concentrations between 1016 cm'3 and 102° cm'3 Yu’ 1996 and strained to tailor their 
electronic and optical properties as required ° ,Reil|y-1989 At the sam e time, devices 
only one or two jum in size may now contain hundreds of layers with a wide variety 
of compositions and with individual layer thicknesses varying from several pm 
down to a few tens of A Sze’ 1981. At the smallest scale, the effects of quantum 
confinement are also a vital aspect of device design and performance Kelly> 1995.
The great advances in the control and manipulation of semiconductor 
materials means that, even with the increasing complexity of semiconductor 
structures, growth can now be guaranteed to within a few percent of the nominal 
design Bauer> 1996. This is accomplished using techniques such as metal-organic 
vapour-phase epitaxy (MOVPE) Razeghl’ 1995 and molecular beam epitaxy (MBE) 
Farrow, 1995 |_iowev@r) ^ j s js o n |y jUSt sufficient for som e of the more exacting 
semiconductor structures. In som e cases, a variation of one or two percent in the 
parameters of the structure can have a significant effect on the operating 
characteristics of a semiconductor device Agrawal* 1995. For this reason, 
characterisation of the grown material on an industrial scale is now as important as  
it is for research or prototype growth Calder’1999.
1i Semiconductor Materials, Structures and Devices
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Due to the expansion of this field over the last fifty years to meet the 
increasing demands of the task, the characterisation of semiconductors now takes 
many forms Bauer’1996, Schroderi 1998 and many of the electrical and optical properties of 
the materials can be studied before device processing takes place. Layer 
thicknesses, compositions and doping concentrations can be evaluated as well as  
growth uniformity across the wafer or between wafers in a growth batch Schroder’1998, 
Kane, 1975, Perkowitz, 1993 similarly the magnitude of quantum confinement and strain in
semiconductor structures can be characterised Pollak’ 1993a. This comprehensive 
information can be combined with device results obtained after processing the 
material and used to explain deviations from, or variations in, operating 
characteristics Sale’ 200°. The information can also provide valuable feedback to the 
growers to enable correction of problems and improvement of the next growth 
batch Alterovitz>1991, Klar’1998
Semiconductor characterisation is also important in the development of new  
designs; providing information such as  dielectric data of new materials for 
modelling Herzinaer' 1995: as well as indicating problems with new prototype designs 
and growth processes, Woodhead> 1998. Characterisation can also provide valuable 
information about important device parameters such as the approximate emission 
wavelength of semiconductor lasers Sa!e’ 200°. Studies of the bandstructure and 
physical behaviour of the materials and structures involved can also be 
accomplished using certain characterisation techniques and variations in 
temperature or pressure Vlcentei 1999. This can provide information about processes  
that will affect the operation of semiconductor devices McMahon’ 1995> ° ’Re,|iy-1996( SUCh 
as heating for example Sweeney>1999 The information from the measurements can 
also provide numerical values to develop the theoretical modelling of the devices or 
simply to help validate the model in use Zvara’1968.
Optical characterisation techniques offer a great many advantages in the 
study of semiconductors, particularly optoelectronic structures Bauer’ 1996, Thomas-2000 
For optoelectronics, the wavelengths of the probe light may encom pass the 
wavelengths at which the devices operate. These wavelengths will normally allow 
for the most efficient coupling of the probe beam into the structure and also include 
the wavelengths at which the materials of the structure will be absorbing. Optical 
techniques may generally also be non-destructive, non-contact and non-invasive
1 ii Semiconductor Characterisation
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Perkowitz, 1993 They can carrjecj out on semiconductor wafers at various stages of 
processing or fabrication and in-situ during growth using specifically designed  
apparatus Maracas’ 1992’ Maracas- 1993' Pollak' 1993a. In addition, because of the wavelength 
dependent nature of the probe beam’s  penetration depth into the material, optical 
techniques can study various layers in a multi-layer structure Woo,,am*1996.
1 iii Vertical-Cavity Surface-Emitting Laser Structures
The vertical-cavity surface-emitting laser (VCSEL) provides a good example 
of the advantages of modern optoelectronic developments Sale’ 1995. The VCSEL 
offers significant improvements in information transfer due to easier array 
construction and fibre coupling. VCSELs are a good example of the extreme 
complexity of som e modern semiconductor devices. They consist of an active 
region, containing one or more quantum wells, which forms a Fabry-Perot cavity 
between top and bottom multi-layered distributed Bragg reflector (DBR) mirrors Sale’ 
1995, Thompson, 1980 Each part of the structure is highly sensitive to growth variations
Agrawal, 1995
For a VCSEL device to operate successfully, the high reflectance spectral 
region of the DBRs must coincide closely with the energies of the cavity standing 
wave and the quantum well ground state transition Sale‘ 1995. Characterisation of 
VCSEL material can identify these energies and also provide more detailed 
information concerning structures and materials Klar’ 1998. Their vertical geometry 
makes on-wafer optical characterisation particularly attractive while their complex 
structure provides a stringent test for such techniques. Characterisation of VCSEL 
structures also involves a study of many of the properties generally important in 
other devices including layer thicknesses and compositions, as well as uniformity.
1iv The Scope of This Thesis
This thesis is chiefly concerned with the study of VCSEL and partial VCSEL 
material from a variety of growth sources and designed to operate at wavelengths 
ranging between 650 nm and 1 jum. The samples show diversity both in structure 
and material. Here a variety of optical techniques are used to characterise the 
VCSELs including reflectance spectroscopy (R) Wendlandt- 1966 and spectroscopic 
ellipsometry (SE) Plckering> 1994( and the new hybrid technique of photomodulated SE
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(PSE) Carl,ne’ 1998 as well as photomodulated reflectance (PR) Pollak’ 1993 and 
contactless electroreflectance (CER) Yin’ 1991. In addition, results obtained using 
complementary techniques, and from measurements made on devices fabricated 
from the material, are presented. In several ca ses  the additional information 
provided is used to interpret or corroborate the optical findings Sa,e’ 200°. The 
measurements are also used to make a comparison of the different techniques and 
to evaluate PSE of bulk and multi-layer samples.
1v Summary of The Follow ing Chapters
Chapter 2 briefly reviews the physics of semiconductors which gives rise to 
the features observed in measurements from the various techniques used. Effects 
of alloying materials, strain, and doping and quantum confinement are considered 
and discussed in terms of the growth processes. Chapter 2 also contains a study 
of the development of the characterisation techniques used and includes a brief 
historical and theoretical review of those points, which are relevant to this thesis. 
The various techniques are compared, and som e consideration is given to the 
advantages of each, as well as the particular applications for which they may be 
best suited.
Chapter 3 outlines the techniques and the experimental arrangements used  
throughout these studies. The different types of apparatus are discussed in terms 
of resolution, the wavelength range over which they operate and the signal to noise 
ratios possible, this provides further information for a comparison of the 
techniques. Sample preparation and the effects of sample quality on the 
measurements are briefly discussed as well as the cryostats used for 
measurements as a function of temperature. Chapter 3 also describes how the 
measured data are processed, and the algorithms used to model and fit the data.
Chapter 4 describes the characterisation of GaAs / AlAs partial DBR 
samples which p ossess  a significant degree of structural non-uniformity, using R 
and SE techniques. PR, high resolution X-ray diffraction (HXRD) Fewster' 1987 and 
transmission electron microscopy (TEM) Grundy’ 1976 measurements are also 
presented that provide complementary characterisation of the layer thicknesses 
and composition. The results support the applicability of optical characterisation 
techniques to the study of relatively complex structures and also allow further 
comparisons between the various characterisation techniques.
1. Introduction 5
Chapter 5 presents novel measurements made using the new technique of 
PSE on bulk material, and multi-layered and quantum well structures. The results 
are compared with those from other modulated spectroscopic techniques and the 
lineshapes of features in the PSE spectra are generally found to be similar to those 
associated with modulated reflectance measurements. The interpretation of 
measurements of multi-layer structures and the relationship between the 
modulations of an individual layer and the observed modulated spectra are 
considered. Chapter 5 also presents important information from the PSE  
characterisation of the samples and discusses the particular advantages, 
limitations and applications of the technique.
Chapter 6 introduces the physics, structures and applications of 
semiconductor lasers and VCSELs. R, PR and SE and PSE measurements made 
on VCSEL structures designed to operate at wavelengths around ijnm are 
presented. Features associated with the cavity, quantum wells and the DBRs are 
identified and used to provide important characterisation. In addition, simulations of 
the optical and modulated spectroscopic measurements are used to explore the 
physical origin of the features observed and a novel iineshape is developed to 
describe the cavity feature in the VCSEL PR spectra. Models and measurements 
from non-uniform VCSEL structures as a function of temperature, angle of 
incidence of the probe beam and position, are used to explore the resonance 
between the cavity mode and quantum well transition.
Chapter 7 contains an extension of the study of VCSELs to intermediate 
and visible wavelength structures and provides information concerning the 
changing optical properties due to the different materials and structures used. 
Important characterisation of the structures of a variety of VCSELs is demonstrated 
and corroborated with results from devices and other complementary 
measurements. The changes in VCSEL structures for shorter wavelength emission 
present additional challenges to characterisation and alternative techniques 
including CER are applied to obtain information.
Chapter 8 contains a brief summary of the results and conclusions that have 
been drawn from this thesis concerning the material and structures studied as well 
as the optical characterisation techniques employed. The chapter also contains 
som e consideration of current and future developments in both semiconductor 
design and characterisation, and the significant part that optical characterisation 
has to play in that future.
2 .  T h e o r e t i c a l  B a c k g r o u n d  T o  T h e  O p t i c a l
2. Theoretical Background To The Optical Characterisation of Semiconductors 6
C h a r a c t e r i s a t i o n  o f  S e m i c o n d u c t o r s
This chapter describes the materials and characterisation techniques 
included in this study. The chapter begins by discussing the important physical 
concepts associated with semiconductor materials and structures. This includes 
crystal structure and bandstructure as well as the effects of alloying, strain, doping 
and quantum confinement. The dielectric function is then used to bridge the 
discussion of bandstructure and optical interactions. The description of reflectance 
at a single interface is extended to include variable angles of incidence and 
polarisation for the definition of spectroscopic ellipsometry (SE). The ca se  of a 
multi-layer structure is also considered, which is very important for modelling the 
reflectance of vertical-cavity surface-emitting lasers (VCSELs). The chapter also  
includes a discussion of modulated spectroscopy, and electroreflectance (ER) in 
particular. The key concepts of the technique are presented, without derivations, 
for bulk, multi-layer and reduced dimensional structures.
2 .1  P h y s i c s  o f  S e m i c o n d u c t o r s
2.1 i Definitions of Semiconductors; Structures and Bandstructure
The distinction between a metal and an insulator is not an abrupt one and a 
semiconductor, w hose properties lie between them, has a number of interesting 
properties. For an understanding of why a semiconductor behaves differently to 
either a metal or an insulator under these circumstances, it is necessary to 
consider the material’s  atomic structure and bandstructure Sm,th’ 1987. All the 
semiconductors studied here are either compounds or alloys and form solid 
crystals of zinc-blende type structures Yu' 1996. In these structures, each atom has 
four equidistant neighbours in a tetrahedral arrangementAtkins’19903 and each atomic 
bond consists of two electrons of opposite spin Huheey’ 1993. The crystal lattice 
constant is rektd? fe the distance between atoms.
The bonding in a semiconductor lattice depends upon the nature of the 
atoms involved. In elemental semiconductors, covalent bonding occurs because all
2. Theoretical Background To The Optical Characterisation of Semiconductors 7
the atoms are identical and the equal donation of electrons to bonding maintains a 
symmetrical charge distribution. In the ca se  of binary and alloyed semiconductors, 
such as the lll-Vs including GaAs, the different electronegativities of the bonding 
atoms leads to an asymmetric charge distribution and an ionic component in the 
bonding.
Figure 2.1 Graph of lattice 
constant versus bandgap 
energy showing the majority 
of the simpler semiconductor 
binaries and alloys studied 
during this report ThomPson' 198°,
When atoms are 
brought together to form 
a solid, the outer s  and p 
orbitals mix to produce 
hybrid bonding and 
antibonding states which 
electrons can occupy
A tk in s  1 QQOn ■ . ■’ . In a lattice, there are so  many atoms in close proximity thatAthe states
split, and the bonding and antibonding states form semi-continuous valence and 
conduction bands respectively Sm,th’ 1987 Quantum mechanical considerations, as  
discussed by Yu Yu’ 1996 lead to forbidden regions in the energy, which separate
these bands. This is essentially true for all solid materials, and it is the different
electron occupancies of the bands that give rise to the different electrical properties 
observed in metals, semiconductors and insulators.
Metals have their highest energy electrons in partially filled bands so  that feWefN kk\i.
je.mf^UlesMhe electrons to move andAprovidesthe properties for good
electrical conduction. An insulator is a material in which the outermost occupied
tker<?, c t r i  ao  IW
electron energy band is full, so  thatAthe electrons to ' move int©
A semiconductor also consists of electrons in a fully occupied outer electron band, 
but in this case, the forbidden gap up to the next unoccupied band is sufficiently 
close in energy for electrons to be excited up to it, allowing conduction to occur 
smith, 1987 jn thjs wa^  the difference between a semiconductor and the other types 
of material can be defined by the size of the energy gap between the highest full 
and empty bands. For most semiconductors the bandgap must be of the order of
o 1981
about 3 eV or less • although there are a few semiconductors and sem i­
metals that are exceptions to this description Edwards- 200°.
A semiconductor can be usefully characterised by its bandgap energy Sze< 
1981. Table 2.1 shows the lowest bandgap energy, along with several other 
important characteristics, for several of the semiconductors studied here. Figure
2.1 shows a plot of bandgap energy versus lattice constant, for a variety of 
semiconductor binary and alloy materials from groups III and V of the periodic 
table. This information is particularly important for choosing materials for multi-layer 
structures and device construction, which is discussed later in this section.
2. Theoretical Background To The Optical Characterisation of Semiconductors 8
Material E0 (300 K) Band Lattice constant Effective mass m*/m0 S s/U q
eV (Lowest) (Lowest) A Electron Hole
GaAs 1.42 Direct 5.653 0.067 0.082 Ih 13.1
AlAs 2.23 (1) Indirect<1) 5.660 0.15 (2) 0.16 Ih (2) «10<2>
GaP 2.26 Indirect 5.451 0.82 0.6 11.1
InAs 0.36 Direct 6.058 0.023 0.4 14.6
InP 1.35 Direct 5.869 0.077 0.64 12.4
Table 2.1: Summary of semiconductor characteristics for commonly used binary materials. All 
values are from Sze, 1981 except AlAs, which is from (1) Aspnes, 1986 and (2) Adachi, 1995.
The symmetrical and periodic nature of the semiconductor crystal lattice 
leads to a potential, which modifies the free space Schrodinger equation for the 
electrons, and will vary in space with the periodicity of the lattice Sm,th’ 1987. The 
effect of this potential on the energy of the electron can be taken into account by 
defining an effective m ass for the electron, in terms of the changes to the energy of 
the electron Smith’ 1987. The periodic lattice potential leads to solutions to the 
Schrodinger equation, which are Bloch functions Ziman’ 1971. It is the action of the 
periodic potential that cau ses the electron energy continuum to be split into regions 
of allowed and forbidden bands Smith’1987 and the variation of the electron energy in 
each band as a function of k, will create the complicated bandstructure, of which 
the bandgap is perhaps the most important part Sm,th’ 1987. Here k is the quantum 
number chosen to describe the momentum of the electron.
The energy of the electrons in the bands should be periodic in k  with a 
period of 2 n l d ,  where d  is the period of the lattice potential Smith’ 1987. This means 
that it is possible to show the energy bandstructure of the electrons in a reduced
zone schem e where, for an even function of /c, the bandstructure can be shown for 
all non-repeating values of k  in the range rc/d > k  >0. This is defined as the first 
Brillouin zone, and is illustrated in a simple form in figure 2.2 for GaAs Yu’1996 This 
bandstructure picture can be very useful for interpreting the properties of 
semiconductors, as will be demonstrated for optical properties later in this chapter. 
For bulk materials with a symmetrical crystal lattice, the bandstructure is 
approximately symmetrical in the three k  dimensions, but for more complicated 
structures or materials this may not be the case.
The energy bandstructure for most semiconductors is relatively similar 
because of the similarities in basic crystal lattice but there are a few fundamental 
differences. One of the most significant of which concerns the lowest energy 
bandgap, normally referred to simply as the bandgap Smith’1987 This is important not 
only because of the energy difference between the top of the valence and the 
bottom of the conduction bands, but also because the two extrema may occur at 
the sam e or different k  values. If the two values coincide, then the bandgap is 
direct, like that of GaAs but if the extrema have different values of k then the 
bandgap is indirect. In this case, the transition is less likely and requires a transfer 
of momentum via the emission or absorption of a phonon.
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Figure 2.2 Simplified plot of energy versus k in the first Brillouin zone for GaAs Kelly’1995 The effects 
of spin-orbit splitting are not included. The E0 lowest bandgap between the conduction and 
valance bands is labelled. Also shown is the magnified, schematic region near the bandgap 
showing the light and heavy hole band degeneracy at the bandgap as well as the spin-orbit 
splitting of the third hole band Smith’1987.
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The Brillouin zone shown for GaAs in figure 2.2 contains many complicated 
features and turning points in the valence and conduction bands in addition to the 
largest maxima and minima already discussed. The bandstructure is determined 
from the density of states (DOS) of the semiconductor, which is developed in detail 
by Smith Sm,th’ 1987 For consideration of transitions between bands, for example, it 
is necessary to consider the combined densities of states for the conduction and 
valence bands Aspnes>1972a. There are points in k  space where the joint density of 
states (JDOS) forms a singularity. These are termed critical points or Van Hove 
singularities AspneSi 1972a. The bandgap of the semiconductor is an example of such a 
critical point. Critical points in the bandstructure are particularly important in 
modulated spectroscopy because the observed changes in, for example the 
reflectance, are largest about the points where the unmodulated JDOS and 
dielectric function are changing most rapidly Seraphin’1972.
Figure 2.2 also shows a magnified region of the Brillouin zone near the 
bandgap for GaAs. The valence bands are approximately parabolic and doubly 
degenerate at the r  point. Interaction between the two bands leads to a distortion 
in their parabolic nature, however. The band which is least affected by the 
distortion is defined as the light-hole band because it has a lower effective mass. 
The other band is therefore referred to as the heavy-hole band. The third band is 
not degenerate at the r  point, because of the effect of spin-orbit interactions, and 
is split off to a lower energy by an amount AoSmith'1987.
An important concept of semiconductor bandstructure is the condition of 
parity in electron transitions within and between bands Mand1, 1992. The electron 
transitions may be allowed or forbidden according to quantum mechanical selection 
rules, such as conservation of spin Mand1, 1992. This matter is aiso particularly 
important in terms of quantum wells and will be discussed in this context later in 
the section. This leads to features in the optical spectra in which the transitions 
appear weakly or more strongly depending upon their transition probability. It 
should be noted, however, that imperfections in the crystal lattice of the 
semiconductor may lead to forbidden transitions occurring with relatively high 
probability and the effect may be seen  in optical spectra Glembocki- 1992. For a more 
detailed discussion of the effects of parity in transitions in semiconductor 
bandstructure see , for example, Smith, 1987 or Mandl, 1992.
Coupling may also be observed between an electron and a hole, one 
example of which is the exciton Sm,th’19871 Bajaj> 1996 An exciton can be considered as
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an electron and hole interaction that is moving through the crystal lattice where, 
instead of recombining, the pair will form a series of hydrogen-like, energy states 
within the forbidden bandgap. The states are broadened into bands by the motion 
of the electron and hole through the lattice, as well as imperfections in the lattice 
itselfSmith’ 1987 Excitons may be observed as a series of bands of absorption below 
the bandgap energy. In bulk materials, the exciton binding energy is not generally 
very large and the excitons may be thermally dissociated into free electrons and 
holes at higher temperatures. As a result, they are not often observed in samples, 
due to the effects of higher temperatures and the broadening effects of poorer 
crystal quality. Excitonic features are most commonly observed in connection with 
quantum well semiconductor structures and this aspect will be discussed later in 
this section.
2.1 ii External Effects on Semiconductor Structures
Before discussing quantum well processes, however, it is necessary to 
complete the description of bulk materials. An important aspect of this is the effect 
on the semiconductor bandstructure of external factors, this is particularly 
important for characterisation because the optical properties of the materials will 
also be modified. The subject is only discussed briefly here, chiefly in terms of 
changes to the bandgap, however Adachi, 1992, covers the material more 
comprehensively.
The change in the bandgap energy with temperature T  is commonly 
approximated with the Varshni equation Adachi’1992a:
E g ( T )  =  E J 0  ) - j L(2.1)
a  and ^represent coefficients unique to each semiconductor and E g ( 0 )  is the value 
of the bandgap at 0 K. Normally an increasing temperature leads to a decreasing 
bandgap, below 150 K however, the bandgap energy is relatively constant. The 
changes to the bandstructure with temperature are related to the thermal 
expansion of the lattice and also to the electron-phonon interactions. Increasing 
temperatures also lead to a greater number of excited electrons in the conduction 
band, which leads to, for example, increased intrinsic conduction in the 
semiconductors. In addition, both the bandgap and the effective m ass are 
dependent on pressure AdachI’1992b. The bandgap usually increases with pressure.
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The bandstructure of a semiconductor can also be tailored by altering the 
composition of the material Sze’ 1981. Referring again to figure 2.1, it is clear that 
constructing binary compounds and ternary or quaternary alloys allow tailoring of 
the bandgap, whilst retaining a lattice constant matched to, for example GaAs. In 
this case, the properties of the compound or alloy are normally determined from an 
interpolation from those of the constituents. Often a linear interpolation is possible 
however there are additional terms required in considering, for example, the 
bandgap Knjn’1991. This possibility for tailoring the bandgap energy has proved very 
useful for the development of semiconductor devices, such as lasers, where the 
bandgap of the material is very important in defining the wavelength of the emitted 
radiation. In recent years it has been discovered that semiconductor layers can 
successfully be grown with a small lattice mismatch. The in-built strain that results 
also alters the bandstructure of the material, allowing further tailoring of the 
semiconductor’s  properties for devices ° ’Reilly> 19t*
Another important and relevant method used for tailoring the optical and 
electrical properties of semiconductor material is the process of doping Smlth, 1987. 
Perhaps more important for this thesis; doping a material with impurities will lead to 
observed optical absorption at energies below the bandgap Sel1,1974, Sel1,1975. The 
doping will also cause a smearing in energy of the bandgap of the semiconductor 
and may lead to a shifting of the bandgap energy at high impurity concentrations.
2.1 iii Mutti-layer Effects and Heterojunctions
Most of the material studied in this thesis consists of multi-layer 
semiconductor structures, and it is therefore important to consider the effects of 
combining semiconductors and the electrical and bandstructure properties at the 
interface between them Smith’ 1987 These structures are valuable because the 
different bandgaps of semiconductors with the sam e or similar lattice constant can 
provide improved electron and hole confinement in heterostructures to reduce 
carrier losses in devices including lasers Thompson’1989
It is simplest, however, to begin this discussion by considering the 
homojunction, which is formed between two oppositely doped pieces of the sam e  
sem iconductorSmith’1987. Although the dopants alter the energy of the Fermi level of 
the intrinsic material, increasing it in n doped material and decreasing it for p doped 
material, the Fermi level is constant throughout the junction, at equilibrium. The
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energies of the conduction and valence bands, relative to the Fermi level, are 
maintained in both materials and Bv^re is a mis-alignment of the bands at 
either side of the interface. The depletion region defines where the effects of the 
dopants act to cancel each other and the bands slope between their values at 
either side of the region.
The Fermi level energy is also continuous across the interface between the 
two different materials at a heterojunction. C w  clear discontinuity in
the bandstructure of the two materials at the interface. This can be described, for a 
simple two band model by considering the differences in the energies of the
conduction and valence bands AEC and AEV respectively between the two materials 
smith, 1987, Cardona, 1988 j^ e  0ffsets  0f bands are then defined as  Qc and Qv for the 
conduction and valence bands respectively VandeWalle-1987« vandewaiie, 1989.
Q o  = ------— ------ (2.2) and Q v = ------^ ------ (2 .3).
(AE0 + A£V) ( A E C +  AEV) V '
Figure 2.3 Schematic type I S Q W  
showing conduction and valance 
energy bands inside the well and 
barriers.
The heterostructure 
bandstructure can form several 
types, depending upon the 
alignment of the bandgaps Ke,ly’ 
1995, All of the important structures in the tkeris are type I, as discussed below and 
demonstrated in figure 2.3. Away from the interface the properties of the 
semiconductor approach those of the bulk unless further factors such as strain or 
quantum confinement are also important. This means that normally the effects of 
the heterostructure interface are not important in the characterisation carried out in 
this tkesiY, however, the subject is discussed in more detail in Smith’ 1987 and at 
various specific points throughout the results chapters of this Btes.v ■ For the 
theoretical modelling of heterostructure and quantum well properties various
approximations were made s,lver' 1. The material properties for ternary and
quaternary alloys were extrapolated from those of their binary components using
the procedure of Krijn Knjn’ 1991. The band alignments at heterojunction interfaces
e3
Conduction 62 Sub-bands e1
Valence 
lh1 Sub-bands 
hh2
e1hh1
Transition
t z z :;:::::;::;!L
Barrier Quantum Well Barrier
were computed using the model solid theory adopted by Van de Walle Van de Walle’
1987, Van de Walle, 1989
2.1 iv Quantum Confinement
With the development of growth techniques, it has becom e possible to grow 
layers of thickness ~ 1 nm which allows confinement to be taken one step further 
into producing an approximate finite square quantum well KelIy' 1995, Mand1,1993, Ridley’ 
1999, shown schematically in figure 2.3. The energy of the bandgap of the well 
material is smaller than that of the barrier material. The structures studied are type 
1 quantum wells, with the bandgap of the well completely enclosed within the 
energy of the bandgap of the barrier material.
The electrons injected into the well have a series of quantised energy levels 
in which they can exist, and they can recombine with a hole in a quantised state of 
the valence band. This can lead to the emission of a photon of particular energy 
defined by the composition and width of the well. The quantised energy levels are 
atom-like and lead to an excitonic nature in their interaction with electromagnetic 
radiation. The possibility of tailoring the quantum well properties makes them a 
particularly useful component of many semiconductor optoelectronic devices, and 
they form the active region of the majority of modern semiconductor lasers Agrawal-
1995
Figure 2.3 shows the energy levels of the well, and also indicates the 
nomenclature of the energy levels and the possible transitions that may take place. 
For this thesis e m  indicates the mth electron energy level in the conduction ‘band’ 
and h h n  and I h n  define the nth heavy hole and light hole energy levels in the 
valence ‘band’ respectively. Furthermore, e m h h n  indicates the transition between 
the mth electron level and the nth heavy hole level. Allowed transitions are 
between levels of m  - n  = even, and forbidden transitions are between levels of m  - 
n  =  odd. As was described earlier in this section, however, forbidden transitions 
may still occur because of the penetration of the electron w aves into the barriers, 
and imperfections in the structure itselfGlembockl-1992
The Coulombic force that creates an exciton, coupled from a hole and 
electron in a confined system, such as a quantum well, is significantly increased 
Gtembocki, 1992 y hjs means excitonic effects can be observed in quantum wells at 
room temperature. The exciton binding energy may theoretically h e  up to four
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times larger than the bulk for the ground (/? = 1) state sh,nada’ 1966 The effect of the 
exciton binding is to shift the quantum well transitions to lower energies and the 
transitions will also be broadened as a result of the binding. In reality, the observed 
exciton binding energy in a quantum well is usually found to be less than the 
theoretical value, probably because the structure is not an ideal well. For the 
modelling of quantum well transition energies, discussed later, the effect of the 
exciton binding is included Matheiu’ 1992a’ Mathe,u- 1992b ancj a fractional dimensionality 
approach is used to compute the energy which will lie between the values for a 
three- and two-dimensional system Mathetu’1992b.
When an electric field is applied to a semiconductor, such as in an ER 
measurement, the effect on the carriers results in a tilting of the conduction and 
valence bands. This tilting of the bands allows an overlap of the conduction and 
valence band wavefunctions in the forbidden zone, leading to the observed shift of 
the bandgap to lower energy known as the ‘Franz-Keldysh effect’ Fran2,1958, Ke,dysh- 
1958, Aspnes, 1972a jn b(J|k materja j} Franz-Keldysh effect has been widely used for
characterisation, but the actual extent of the red shift is relatively small because as  
the magnitude of the applied field increases, the overlap of the wavefunctions 
decreases. In quantum well material the bandgap shift, normally referred to a s  the 
quantum confined Stark effect (QCSE) MendeZi 1982> M,ller- 1984t can be considerably 
more significant, however.
When the electric field is applied along the direction of confinement, the 
overlap of the wavefunctions can be sustained for higher magnitudes of field. This 
means that the extent of the shift of the transitions to lower energies can become 
significant for large field values, and must sometimes be included in the 
interpretation of ER data Rowland>1999a’ Rowland>1999b However, for the magnitudes of 
electric field applied in the ER, and related photomoduiated reflectance (PR) 
measurements discussed later, the QCSE can be considered relatively insignificant
Rowland, 1999b
2 . 2  O p t i c a l  C h a r a c t e r i s a t i o n  o f  S e m i c o n d u c t o r s
2.2i Bandstructure, Absorption and The Dielectric Function
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The parameter that links the bandstructure and physics of semiconductor
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materials with the optical properties that can be observed from them is the 
dielectric function. This is, therefore, an important consideration in terms of 
interpreting the information from optical characterisation measurements Wooten*1972
The dielectric function s  is defined macroscopically from Maxwell’s  equations, and 
is a complex function normally represented as si + is2. It is defined in terms of the 
probability of different transitions between the various states in a microscopic 
sen se  by, for example, Yu’ 1996, although its full derivation is beyond the scope of 
this study. Figure 2.4 shows the real and imaginary parts of the dielectric function 
of GaAs. The spectra show features associated with the critical points in the 
bandstructure discussed in the previous section. The effects of an applied 
modulating electric field on the dielectric function will be discussed later in this 
chapter.
Figure 2.4 Graphs of the 
real and imaginary parts of 
the dielectric function Palik’ 
199t, and calculated normal 
incidence reflectance and 
\|/ and A SE spectra 
calculated at 72° for GaAs. 
The E0) Ei and E  ^ + Ai 
critical points are labelled 
in each spectrum.
The optical 
behaviour of a 
semiconductor is 
dominated by the 
onset of absorption 
above its fundamental 
bandgap energy om,in’ Using the bandstructure picture, the absorption of 
photons can be considered in terms of electron transitions between impurity states 
and those that are interband and intraband Sm,th’1987. Transitions from one band to 
another may be direct or indirect depending upon the particular bandstructure. 
Transitions within a band are similarly restricted, because, as figure 2.2 shows,
they will involve a transfer of momentum as well. In addition, such transitions are
Energy (eV)
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only possible if the band is only partially full. Transitions between overlapping 
bands are also possible, particularly at the bandgap where the valence bands are 
degenerate. These will occur at energies below the bandgap only if holes are 
created in the various bands by higher transitions. Transitions between the 
excitonic and impurity states will contribute to absorption below the bandgap and 
may obscure the exact energy of the bandgap in an absorption spectrum Biakemore-
1982
Absorption generally increases above the bandgap, as more transitions 
becom e possible, corresponding to the increasing JDOS, but an absorption 
spectrum also contains relatively sharp features against the slowly changing 
background, which correspond to the critical points in the bandstructure. The 
absorption spectrum will not follow this bandstructure exactly, however, because it 
represents integration over all possible states and also because of the different 
probabilities of photon absorption between the various bands Sm,th’1987.
2.2ii Reflectance and Spectroscopic Ellipsometry
The reflection coefficient R  of an interface between two materials is directly 
related to the complex refractive Indices of the materials by Fresnel’s  equations, as  
described by Kle,n’ 1986a. The complex refractive index is related to the dielectric 
function by e i = n 2 - l ?  and s 2 - 2 n k  and for air it is common to assum e r \ - 1  and k - 0  
wooiiam, 1996 jn wavelength range of interest, n is typically -  3 for semiconductors 
paiik, 1991 yyhen n 0 f a material is large, a wave incident from air at an angle away 
from normal incidence will propagate through the material at near normal 
incidence. Furthermore, if k  is negligible then the refractive index can be calculated 
from reflectance measurements. Figure 2.4 also shows the normal incidence 
reflectance spectrum of GaAs calculated using the Jones algorithm Hosea> \
Reflectance measurements were first used in this way to determine a value 
of the refractive index of a semiconductor material at a fixed energy below its 
bandgap. The situation is more complicated by light incident at non-normal 
incidence, where the polarisation of the electromagnetic wave also becom es 
important. Figure 2.5 shows the orientation of the polarisation of such a wave, 
which is defined by the electric field vector. Light is defined as P polarised when 
the E vector is parallel to the plane of incidence and S when it is perpendicular to it
Woollam, 1996
Eiiipsometry techniques which measure the magnitude difference of the S  
and P polarised light reflected from a sample, allow a ccess  to additional 
information Woollam- 1996 This technique was originally used in a similar method to 
reflectance at single energies to determine refractive indices. Eiiipsometry 
measures both the magnitude and phase difference between the light polarised in 
the S and P directions defined by the equation Plckenn9> 1994;
M
p  = 0 0 -  = tan i j /  exp(/A ) (2 .4 )
(rs)
where < r p >  and < r s >  refer to the bulk amplitude reflection coefficients for light 
polarised parallel and perpendicular to the plane of incidence. In a multi-layer 
structure < r p >  and < r s >  represent the sum or pseudo-response.
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Incident Beam
P Polarised Light
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Reflected Beam
Plane of 
Incidence
Figure 2.5 Schematic figure defining the polarisation planes for electromagnetic waves incident on 
a sample surface.
Maintaining the phase information means that there is a direct relationship 
between the complex reflection ratio p  measured from eiiipsometry and the bulk 
dielectric function <*> Plcken"9'1994:
(fix) +  i(s2) — - — —1 sin2 # ( l +  tan2 U  +  p )  v 9) (2 .5 ).
Here 6  is the angle of incidence, defined in figure 2.5, and the electromagnetic 
wave is incident in air. Figure 2 .4  also shows the and A spectra for GaAs, 
modelled at a 72° angle of incidence using the Woollam software Wool,ami 1996
The situation is further complicated with a sample of more than one layer. In 
this case, the dielectric function determined by eiiipsometry will be the bulk or
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pseudo response and it is not possible to extract the dielectric function of a single 
layer individually Picker,n9, 1994. However, it is still possible to gain a great deal of 
structural and material information from reflectance spectroscopy (R) and SE 
measurements by modelling the result. To model the reflectance of a multi-layer 
structure, such as a DBR mirror or an entire VCSEL, it is necessary to extend the 
calculation of the Fresnel’s  equations to each interface Woollam-1996. Furthermore, for 
such a model to be accurate it is necessary to include the contributions of all 
multiple reflections at each interface. The Jones matrix formalism achieves this 
exactly by considering the propagation of each wave at every interface and through 
each layer, as described in detail in K,ein’1986b.
Assuming that the dielectric information is available in the literature for all 
materials, then the total response is given from a stack matrix built up from a series 
of Jones matrices, which describe the transmission and reflection at each  
interface. Where the angle of incidence is not normal, the calculations must be 
performed for S and P polarised light separately. This matrix is normally solved 
computationally, and then the intensity reflectance of the structure can be 
calculated simply. Furthermore, SE spectra can also be modelled using the sam e  
information by retaining the phase, and calculating both S and P polarised 
contributions. These matrices can be evaluated computationally Hosea’ 1-Wooi,am- 1996 
and using literature values for the dielectric functions Palik’ 199\  to model the most 
simple or complex structures K!ar’ 1998'Thomas-2000 They cannot be used analytically in 
reverse to deduce a particular layer’s  dielectric function, however. Instead the R 
and SE measurements must be modelled and fitted, as discussed in the following 
chapter, this makes the Jones method particularly important for interpreting optical 
measurements.
2.2iii Applications of Optical Measurements
Spectroscopic optical methods have greatly increased the opportunities for 
the application of reflectance and eilipsometry measurements for the 
characterisation of materials. SE is now the method of choice for determining the 
dielectric function as a function of energy for highly pure semiconductor materials 
Herzmger, 1995 y h@  pr,a se  sen sjtjvity of SE also makes it particularly sensitive to thin 
layers such as surfaces and interfaces as well as quantum wells Wool!am- 1996. in 
addition, the complicated interference features, produced in R and SE
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measurements of multi-layer samples, allow both techniques to be used to 
determine layer thicknesses and compositions, by varying a model of the optical 
response of the nominal structure to fit to the measurements Thomas- 200°. The 
increasing capabilities in computing and improvements to apparatus have also 
enabled these techniques to be used commercially for growth quality assessm ent
Bauer, 1996
2 . 3  M o d u l a t i o n  S p e c t r o s c o p y
The reflectance and SE spectra of a bulk semiconductor tend to be 
relatively flat with only broad features even at the critical point energies, making 
exact interpretation of the bandstructure difficult. In contrast, the techniques of 
photoluminescence (PL) and electroluminescence (EL) are particularly useful for 
characterising the bandstructure of semiconductor material Perk0Wltz> 1993- Krost- 1996. 
These techniques involve pumping electrons into higher states, either by optical or 
electrical processes, and detecting the radiation emitted as they descend to their 
ground states. The measured spectrum, as a function of energy, can reveal 
information concerning the bandstructure, including the transitions between 
confined states of quantum well and impurity states, which allows determination of 
composition Perk0Wltz> 1993. These techniques are often limited by weak signal 
strengths, however, and also by thermal broadening of the features at room 
temperatures Perk0Wltz- 1993( which means that PL measurements must normally be 
made at low temperatures. In addition, the spectral features may be difficult to 
identify as to their origins particularly with the presence of additional states 
associated with impurities.
Modulation spectroscopy represents something of a combination of the 
techniques of reflectance and PL described above, but also overcomes som e of 
their limitations Seraphin- 1972> Pollaki 1981. Measurements of the changes in the 
reflectance of a sample as it is modulated by, for example varying its surface 
electric field, can provide sharp derivative-like features, against a relatively flat 
background, associated with critical points in the bandstructure Pollak’ 1993a. This is 
demonstrated in figure 2.6, which shows the reflectance, first derivative and 
modulated spectra (approximately third derivative) for GaAs. These modulated 
spectra can contain features associated with the critical points in the bandstructure
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of bulk and quantum confined material. In addition, these techniques can normally 
be carried out at room temperature and enable the probing of higher energy 
transitions Pollak’1993a.
2.3i Development and Theory of Modulation Spectroscopy
The initial theoretical considerations of Franz and Keldysh in 1958 Franz’ 1958,
Keidysh, 1958^  working independently,
predicted that the absorption edge of a 
semiconductor could be shifted to lower 
energies in an electrical field, as  
described in section 2.1. From there, the 
effects of an applied electric field were 
comprehensively investigated and led to 
the field of modulation spectroscopy, 
which grew rapidly. Frova and Handler 
Frova, 1965^  amongSt others, who used the
blossoming technology of phase- 
sensitive detection Seraph,n' 1972 to detect 
the change in the absorption edge of Ge 
when modulated by an electric field, 
quickly confirmed the work of Franz and 
Keldysh.
Figure 2.6 Comparative spectra of room 
temperature R, first derivative and E R  (third 
differential) of GaAs. The critical points in the 
GaAs bandstructure are labelled Aspnes’1980.
The theoretical calculation of the shift of the absorption edge of a 
semiconductor in an applied electrical field, or the Franz-Keldysh (FK) effect as it is 
referred to, is simply made by adding the effect of the field to the Schrodinger 
equation for the electron in the lattice Franz’ 1958, KeIdysh> 1958. This assum es that the 
acceleration of the electron is simply due to the field. The phenomenological 
picture however is that the electric field causes the bands to bend and, as  
described in section 2.1, this leads to an overlap of the conduction and valence
E (evj
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band wavefunctions in the forbidden bandgap, resulting in quantum tunnelling and 
absorption below the bandgap Aspnes’1972a.
The FK effect w as initially observed simply as a shift of absorption at the 
critical point, but the shape of the modulated absorption w as found to be more 
complicated. Below the energy of the critical point, the absorption shows an 
exponential tail indicative of the quantum tunnelling process that gives rise to it. At 
energies above the critical point, the modulated absorption may exhibit decaying, 
semi-periodic oscillations, called Franz-Keldysh oscillations (FKOs), as discussed  
later in this section Seraphin> 1972> AsPnes- 19723 j ^ e  oscillations are only observed for 
certain magnitudes of electric field and arise from the exact interaction of the 
wavefunctions. For a direct transition the absorption increases with the strength of 
the applied field, whereas in the region of an indirect critical point the absorption 
demonstrates positive and negative changes a s  the field increases. Importantly, for 
the interpretation of modulated absorption, the changes induced by the field in a 
bulk material are onlv sianificant in the regions of the critical points in the
Figure 2.7 Schematic diagram of the processes of 
bandstructure modulation by i) an applied electric 
field and ii) an applied stress Aspnes> 19S0.
A variety of factors besides an
applied electric field can be used to
modulate the sample, and a 
comprehensive review is given by 
Seraphin Seraphin’ 1972 The physical 
distinction between other modulation 
spectroscopic techniques, such as  
thermomodulated reflectance, and ER is 
that the latter induces an asymmetry in the 
sample. This is because the symmetry of 
the lattice will be broken along the direction of the applied field, whereas the
thermal modulation may not have a particular direction Seraphin' 1972. ER and PR are
bandstructure Seraphin-1972 
2.3ii Modulation P r o c esse s
UNPERTURBED
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the techniques that will be used in this study; they can often provide additional 
information to that of thermomodulated reflectance, because of the dependence of 
the measurements on the orientation of the field Pollak’1993a.
To further distinguish between the various techniques of modulation 
spectroscopy, it is necessary to consider their different effects on the 
semiconductor bandstructure Seraphln’ 1972. Techniques such as piezomodulated 
reflectance have the effect of shifting the energies of the states in the 
bandstructure and distorting it. This will make features, such as critical points, clear 
in the spectra a s  the bandstructure is varying most rapidly, with respect to energy, 
about these points. In contrast, a s shown in figure 2.7, ER will cause a broadening 
of features in the bandstructure, although once again this effect will be most 
significant about the critical points.
2.3iii Modulated Reflectance and Seraphin Coefficients
The physical phenomenon of the induced change in the dielectric function 
w as developed into a characterisation technique by exploiting the relationship 
between the changes in the dielectric function and the changes in the reflectance 
of the sample. The equation, developed by Seraphin and others, relates the two 
using the coefficients a and (3 which are referred to as the Seraphin coefficients
Seraphin, 1966.I
AR
—  = a (s1,s2)Asl +/3(sl,e2)Ae2 (2 .6 ).
The Seraphin equations are defined by Seraph,n>1966;
1 dR 1
<* = - —  (2.7) and /  = - —  (2.8).
R osx R as 2
Aspnes later added terms to this relationship to include the effects of both excitons 
and inhomogeneity Aspnes-197°;
AD
—  =  Re{C& C j a  -  ip\As, +  iAe2)}  (2 .9 ).
Here C e x  includes exciton effects and Q n  includes the effects of inhomogeneity in
the field. Importantly, Aspnes also showed that mixing of the original terms can
occur which will make interpretation more complicated Aspnes’ 1969. However, 
equation 2.6 is often acceptable for interpreting measurements.
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The Seraphin coefficients are a function of energy and, as shown in figure 
2.8 for GaAs, the contribution of each one varies so  that, near and below the 
bandgap for example, p  is zero and the changes in reflectance are proportional to 
a A s i .  Away from normal incidence the reflectance, and hence the Seraphin 
coefficients, are functions of the angle of incidence and are also polarisation 
dependent. These factors are considered in more detail by, for example Seraph,n>1972.
Figure 2.8 Spectra of the Seraphin coefficients a and p 
calculated at normal incidence for GaAs Seraphin-1972
The calculation of the Seraphin coefficients 
can be extended to non-normal angles of incidence, 
where they will be polarisation sensitive, and also to 
multi-layer structures, where the coefficients are 
calculated as a superposition of the contributions of each layer. However, the 
process quickly becom es very complicated and computationally intensive Seraphin> 
1972. An alternative approach is to calculate the coefficients numerically Kllpstein> 1986- 
Haii, 1996b To acftjeve thjS f0r |ayer j  jn a multi-layer structure, the reflectance must 
be calculated twice, once for the nominal structure and once with the real or 
imaginary part of the dielectric function of the material in the / h layer, altered by a 
small factor. This provides:
J  S f ° j D (2 .1 0 ) an d  1 A t  (2 -11 )-
M O D  ° £ \ R -M O D  2
Here the terms are as previously defined and the M O D  subscript refers to the 
Jones modelled reflectance or Seraphin coefficients and the j  superscript refers to 
the jth layer. To obtain realistic results the change in the dielectric function is 
typically chosen to be about s/1000, although it is not highly dependent on the 
exact value Ha"'1996b. The approximation is normally found to be acceptable Hosea’ 
1995b, Haii, 1996b ancj jg usecj fQr exam p|e  here to calculate the Seraphin coefficients
of the VCSEL structures Klar’1999a.
For a multi-layer sample, the modulated reflectance is complicated by the 
changes in the dielectric function associated with each layer, as well as  
interference effects associated with the Seraphin coefficients. Interference effects 
may become important when optical layer thicknesses are similar to the 
wavelength of the probe beam Kal,ergi’ 199°. Features in the reflectance spectrum,
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which have spectral positions that are strongly dependent upon the optical 
thicknesses of various layers, will be visible in the modulated reflectance 
measurements because of the shift in their positions as the dielectric function, and 
hence optical thicknesses are modulated. This is particularly true for VCSELs and 
will be discussed further in chapters 6 and 7 of this report.
Phase effects may become important in multi-layer sam ples where materials 
of similar composition are present, or when critical points approximately coincide in 
energy. These components of the modulated spectrum can also complicate the 
interpretation but can also provide additional information concerning the structures. 
Changes in the phase of the features, observed in modulated spectroscopy, have 
been successfully linked to changes in the optical thickness of layers due to 
etching Hosea’ 1995a’ Hu9heSi 1995, or non-uniformities of growth in the wafer Hosea’ 1995bl 
Thomas, 2000 y hjs addjtjona| information is also used in chapter 4, in the consideration 
of thickness variations in multi-layer DBR structures.
2.3iv Modulation Effects and Solutions / Lineshapes
Further to the initial calculations of AR/R, a great many solutions to the 
Schrodinger equation for the electrons and holes were calculated by 
Tharmalingham Tharma,ingham- 1963 and Aspnes Aspnes’ 1966> Aspnes- 1967> Aspnes’ 1968’ Aspnes-
1969, Aspnes, 1970 amQngst Qthers Bulyanitsa, 1960, Callaway, 1963, Callaway, 1964 whQ consjdered
the effect of modulation on both the real and imaginary parts of the dielectric 
function at all points in the energy spectrum. The solutions were extended to all 
types of critical point, both direct and indirect transitions and also included all 
orientations of the electric field in anisotropic crystals. These solutions used the 
effective m ass approximation (EMA), developed by ElliottElll0tt’1957.
The solutions to the modulation effects on the dielectric function are based  
on Airy A i ( E )  functions defined by Abram0Wltz' 1964:
d0 f f  = EA,(E) (2.12).
dE
These Airy functions show the required properties of an exponential tail for E < 0 
and oscillations for E > 0. The solutions to the Schrodinger equation are a function 
of the applied field, the lattice potential and the electro-optic energy t i Q .  Aspnes- 19723 
defined by:
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\e\ 2F 2tfri *-2
M l =
2ju
(2 .13 ).
F  is the applied electric field and the other terms are as defined previously. The 
electro-optic energy is an important term in modulated spectroscopy and is used, 
relative to the effects of collisiona! broadening to define the field regimes described 
later in this section.
As a result of a decade of theoretical and experimental study, Aspnes Aspnes> 
19728 and others developed a relationship to describe the modulation of the full 
dielectric function of a semiconductor for al! energies under the application of an 
electric field for bulk material. Although the derivation is too involved for this thesis, 
it is discussed comprehensively by Aspnes Aspnes>1972a. The equations are subject 
to certain approximations, including the assumption of homogeneity in the field and 
the crystal. Importantly, however, the solution does not include the effects of the 
excitonic interaction discussed earlier in section 2.1 of this report. The effects of 
the Coulomb interaction are discussed later in this section.
One of the most important conclusions of Aspnes’ work on the modulated 
dielectric function was the development of an approximate solution to the effects of 
modulation on the dielectric function, which has proved to be generally applicable 
and significantly easier to implement for the purposes of interpreting modulated 
spectroscopic results. Aspnes showed that, in the weak field regime where 
broadening effects dominate, the modulated change in the dielectric function could 
be described by a third derivative of the unperturbed dielectric function Aspnes>1970> 
Aspnes, 1972a, Aspnes, 1972b Thjs  a jjOWS an important approximate solution to the
lineshapes in the modulated dielectric function to be made using a Lorentzian-like 
function described below. Assuming that the Seraphin coefficients are energy 
independent over the range of the feature, the change in reflectance can be 
described by A spnes’ third derivative functional form (TDFF)Aspnes 1972b:
AewA R _ « R e
R
(2 .14 ).
( E - E 0 + iT)n
Here A is a constant amplitude, r  a broadening term and 0  is a phase term, which 
includes the effects of the Seraphin coefficients, discussed later. The value of n  is 
dependent on the JDOS and dimensionality of the critical point Aspnes- 1972b and is 
equal to 5 /2  for 3D critical points such as Eo, 3 for a 2D  point such as E i and n  = 2 
for excitons.
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In the early 1980s, modulation spectroscopy techniques were utilised to 
characterise the new quantum well microstructures. In this case, the effect of the 
modulating field is different because the acceleration of the electrons is confined in 
one plane pollak' 1988, Glembockl- 1992-Pol!ak- 1999 instead, the modulation tends to change 
the shape of the confining potential, leading to changes in the energy of the levels, 
lifetimes and the functional form of the wave functions Glembockl’1992. The weak field 
approximation is most commonly encountered in confined particle systems. This 
results in a lineshape that is a first derivative functional form of the unperturbed 
dielectric function Glembockl’ 1992 The effect of a modulating field on a quantum 
confined structure is discussed in detail in several reviews Pollak’ 1988, Glembocki’ 1992> 
potiak, 1993, Hosea, 1996 anc| resujts jn changes to the intensity, energy and the spectral
width of the feature in the dielectric function.
Imperfections in the quantum well structure, as discussed in section 2.1,
mean that modulation will occur associated with both allowed and forbidden
transitions so  that features can be observed from both types Smith’1987, Glembocki>1992 
Different modulation processes dominate for allowed and forbidden transitions and 
lead to different lineshapes observed in modulated spectra. Importantly, the 
differences in the observed features allow further information to be obtained by 
characterisation using this modulation spectroscopy. The lineshapes observed in 
the two ca ses  can be described by a series of equations defined below, and also 
discussed more fully in Klar’ 1999a. The measurements of allowed and forbidden 
transitions are also discussed in chapter 6 for a VCSEL active region.
The alternative lineshapes are described below where all the terms are as  
described previously, the QM/ subscript refers to the properties of the quantum 
well, and 0  represents the mixing term. For allowed transitions, the first derivatives 
are considered with respect to the spectral position and width of the oscillator;
A r [ (■E - E Qw? - T 2Qw n t  2 T Q W ( E ~ E Q W ) . JAs l ( E )  =  l gw\ - — —    “ ^ c o s tf+ -    ; 2 sin67 (2.15)
{ [ (E -  Egwf  +  r».] [(£ -  EqW) +  r cV ]
a r Z7 \  r ~ 2 P qw ( E  “ E qw ) n , ( E  — E qW ) — T qW tAs2(E )  =  Iow\-    — ^ -c o s #  +  - ------------  ^ - r s i n ^ j  (2.16).
}[(£ -  EQwf  +  r 2gw] [(£ -  Eaw ) 2 + r 2lv]
Modulation of the dielectric function, with respect to forbidden transitions, are
described by first derivatives with respect to the intensity:
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(2.17) and As 2 ( E )  =  -
The effects of thermal broadening at higher temperatures originally led to a 
discrepancy between the calculated first derivative and the observed lineshapes 
which appeared to be of a third derivative form. The thermal broadening is 
Gaussian-like which results in a lineshape, which more closely resembles a third 
derivative Lorentzian. As the temperature is reduced, the lineshape can be seen  to 
go through a series of hybrid forms until the predicted first derivative is observed 
when broadening is significantly reduced shanabrook- 1987 This means that the 
lineshape chosen to fit the observed features in modulated spectra must be 
chosen with care.
2.3v P r o c esse s  and Theories of ER and PR
PR is effectively a contactless form of ER Seraphin’ 1972- Po!lak- 1993. The strong 
modulation source (typically a laser) causes photo-generation of electron-hole pairs 
in the semiconductor material. This, in turn, leads to a modulation of the internal 
field near the surface of the material Penchin- 1965. This process is shown 
schematically in figure 2.9. For typical experimental modulation frequencies of a 
few hundred Hz, the relaxation times of the electrons and holes (of the order of 10" 
12s) are sufficiently shorter than the modulation time w'9ht’ 199°. Similarly, typical 
intensities of the modulation source, for example a laser of a few mW, result in 
negligible heating effects, which might affect the observed bandstructure Seraph,n’
1972
The theory of PR and ER processes is identical and the resulting theoretical 
lineshapes can be used in either case. The major difference between the observed 
features from the two techniques results from the different way in which the internal 
fields are modulated. In ER, the semiconductor sample is normally a p-i-n junction
Figure 2.9 Schematic 
diagram of the effect of 
photomoduiation on the 
carriers and internal field of a
bulk semiconductor
Aspnes, 1980
Hall, 1996a,
Laser off Laser on
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and the modulating voltage, applied between the front and back contacts, drops 
across the i region. In PR, the incident pump beam, a chopped laser, produces the 
modulating field, which will therefore have a penetration depth into the sample 
based on the pump’s  photon energy and the absorption of the sample material
Seraphin, 1972
Spectra obtained using the two modulated techniques commonly display 
differences in phase due to the different nature of the modulating fields Seraphin>1972 
In thick samples with high absorption or reflectance at the wavelength of the pump 
beam, ER may allow features to be observed where they might not be present in a 
corresponding PR spectrum. This situation is considered in chapter 7 where visible 
wavelength VCSEL structures are discussed, which are highly reflective at the 
wavelength of the PR laser used in measurements. In this study, measurements 
were also made using contactless eiectroreflectance (CER), which provides som e 
additional information to PR, due to improved penetration of the modulation Hosea> 
1999. However, the contactless nature of PR offers a great advantage over other ER 
techniques for measurements on semiconductor wafers and especially for mapping 
non-uniform samples Pollak’1993a.
2.3vi Effects of The Different Modulation Field Strength Regimes
The modulation of semiconductor material by an applied electric field can 
also be divided into three regimes Pol,ak’ 1993a and the lineshapes associated with 
each are summarised in table 2.2. The weak field regime, where broadening is 
most significant, is where the TDFF lineshape applies for bulk features as 
described earlier. The FKOs, observed in PR measurements, occur in the 
intermediate field regime of modulation where the broadening is less significant 
than the acceleration of the field. In the strong field regime, the electrons are 
modulated by a field high enough for them to be accelerated across the bandgap 
and alter the bandstructure, but this is not normally encountered in experiment.
The FKOs are particularly useful features for the purposes of 
characterisation, although their interpretation can be quite involved. Associated 
with critical points in the bandstructure, most commonly the bandgap in this 
instance, they appear to tail off to higher and lower energies and can therefore 
broaden the bandgap feature making it at the sam e time more observable but also 
creating ambiguity as to the actual energy of the bandgap.
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Field Regime Definition Observed Features
Strong Electrons accelerated across the bandgap. Stark Shifts
Intermediate Electron acceleration dominates 
collisional broadening. H Q >  F
FKOs
W e a k Collisional broadening dominates 
electron acceleration. hQ. < F
Third derivative / first derivative
Table 2.2 Summary of observed features associated with the critical points in the different field 
regimes of modulation spectroscopy.
2.3vii Franz-Keldysh Oscillations
The FKO feature Lu' 1991' p°"ak'1993a-Hushcs'199S, decays exponentially below the 
bandgap and oscillates at energies above it. The low energy part of the feature can 
be explained qualitatively as the exponentially decaying tunnelling of electrons, 
with energies lower than the gap, across the energy gap. At higher energies, the 
oscillations are observed which also decay away. These are associated with the 
electrons accelerating to higher energies under the effect of the modulating field. 
The oscillations result from the overlap between the wavefunctions of the valence 
and conduction bands. The amplitude of the oscillations is related logarithmically to 
the intensity of the modulating field. More importantly, the period of the FKOs is 
related to the magnitude of the internal field, this makes them important for material 
characterisation.
FKOs can be approximately fitted with an Airy function with terms 
associated with the amplitude, energy of the bandgap, the period, and the 
broadening and damping effects Hal1, 1996c’ Hal1, 1997, but this is too detailed to be 
discussed here. Chapter 5 contains som e discussion of the fitting of FKOs with 
Airy functions. However, Aspnes et al produced another approximation Aspnes’ 1973, 
which allows the interpretation of FKO spectra to be considerably simplified by 
considering the FKOs the extrema above the bandgap at increasing energies using 
the relationship:
AR —  oC« cos
R V
E-Ep
Ml
3 / 2  "\
+ 6
J
(2.19),
where E 0  is the bandgap energy, 0  is the phase factor of the critical point and f i n  is 
the electro-optic energy defined earlier in this section. The results can then be
interpreted in the following manner, described more fully by Hughes HugheSi 1995 and 
Hosea Hosea’ 1995a' Hosea’ 1995b. For the E j  energies of the j t h  extrema a graph of E j  
against F j  =  [ S f e f J w - O ) ] ^ 3  will give a linear plot with a gradient equal to the electro­
optic energy and an intercept with the E j  axis equal to the bandgap energy, 
although a knowledge of 6  is required. The phase of the critical point has been 
related to its dimensionality n  by 0  = 7 i ( n - 1 ) / 4  although this is complicated by 
structural factors and is not completely accepted Aspnas’ 1973. Alternatively, if the 
bandgap energy is known then [ E j - E g f / 2  = ( 3 / 2 ) f i d / 2 ( J n - Q )  and a linear plot of [ E j - 
E gf / 2  versus J  will yield the electro-optic energy as ( m 273 /  2 . 8 1 )  and 0  from - n c / m  
where m  is the gradient and c  is the intercept with the origin of the [ E j - E gf / 2  axis. 
This requires knowledge of the bandgap, but this is often a more reliably known 
value than the phase for a critical point.
In using the Fj and j plot methods, the positions of the extrema are selected  
by eye, and the choice of which are to be included in the interpretation must be 
carried out with care Hughes-1995>Hosea-1995b. At lower energies, the approximation may 
not hold for extrema very close to the bandgap, and at higher energies the 
oscillations are more difficult to identify and may interact with the features 
associated with the E0 + Ao critical point. Nevertheless, there are normally sufficient 
extrema available for a valid analysis to be carried out. The choice of value for the 
reduced mass, which relates F  and A Q  must also be made carefully HaI!’1996c.
These methods can provide an accurate measure of the internal electric 
field in a sample, provided that the modulating field does not strongly affect that 
magnitude. The interpretation of the FKOs can also allow the determination of the 
bandgap energy or phase. These features can also be interpreted in terms of the 
phase component associated with the Seraphin coefficients. The change in optical 
thickness of the material layers, due to for example etching Hosea’ 1995a’ Hughes- 1995( 
can cause a change in the phase of the FKO features. In chapter 4, this form of 
analysis is considered in more detail for DBR samples with non-uniform structure, 
where layer thicknesses vary with position, across the plane of growth, resulting in 
phase changes in the FKOs observed across the sample Thomas’ 200°.
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3 .  E x p e r i m e n t a l  T e c h n i q u e s
A number of techniques have been used to characterise the structures 
reported here. Most of the measurements were based on two basic experimental 
arrangements and these are discussed in som e detail below. They are divided 
between those, which use the reflectance spectroscopy (R) apparatus Hal1,1996a in 
section 3.1 and those, which use the spectroscopic eilipsometry (SE) apparatus in 
section 3.2. Section 3.3 d iscusses the cryostats, which were used to carry out 
measurements at low temperatures and varying temperatures with the R 
arrangement.
Section 3.4 describes complementary measurements made using a variety 
of techniques, which were either undertaken by the author, or that were performed 
by collaborators at a variety of sources. Section 3.5 is concerned with the sample 
preparation and handling procedures for semiconductor materials. Finally, section
3.6 d iscusses the modelling, fitting and analysis of the data as well as how the 
results can be interpreted, including the effects of the measurement techniques 
them selves. Further details of the experimental procedures and analysis used will 
be discussed at the relevant points in the four following results chapters.
3.1 R e f l e c t a n c e  S p e c t r o s c o p y ,  M o d u l a t e d  R e f l e c t a n c e  a n d  
P h o t o l u m i n e s c e n c e
3.11 Reflectance Spectroscopy
Reflectance measurements were made using a 100W tungsten halogen 
light source and a 0.5m Spex monochromator to provide a quasi-monochromatic 
probe beam. The monochromator was motor driven and computer controlled via an 
RS232 interface using software written in-house Hosea’ 2. The monochromator 
contained a 600 grooves per mm grating blazed at 1pm providing a usable 
wavelength range from 600 nm to 1800 nm in first orderlnstruments s -A- 1998. Longpass 
filters with cut-off wavelengths of 540 nm and 640 nm were used to attenuate 
higher orders. The monochromator wavelengths were calibrated using the 632.8
nm HeNe laser line as well as a variety of absorption lines in a standard sample of 
holmium oxideJansen’ 1986
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Figure 3.1 Schematic diagram of the 
experimental arrangement used for normal 
incidence R  measurements. For high- 
resolution measurements (small slit widths 
and low light intensities) the probe beam was 
chopped as it emerged from the 
monochromator and a lock-in amplifier 
between the detector and the computer was 
used to retrieve the R  signals.
Figure 3.2 Schematic diagram of the 
experimental arrangement used for variable 
angle of incidence R  measurements. For 
high-resolution measurements (small slit 
widths and low light intensities) the probe 
beam was chopped as it emerged from the 
monochromator and a lock-in amplifier 
between the detector and the computer was 
used to retrieve the R  signals.
Two detectors were used. A RS 308 - 067 silicon photodiode with a 
sensitivity range between 400 nm and 1 1 0 0  nm and an A+G FD 10 0 0WX 
ln.53Ga.47As / InP photodiode with a sensitivity range between 700 nm and 1700 
nm. The do voltage signals were measured using a digital multimeter (not shown in 
the figures) that was interfaced to the PC so  that the spectrum could be recorded. 
The experimental arrangement for normal incidence is shown in figure 3.1. 
Variable angle of incidence measurements were achieved using the arrangement 
shown in figure 3.2. The system response of each detector is shown in figure 3.3 
including the effects of the monochromator, lenses etc as well as the detectors in 
the experimental arrangement. From figure 3.3 the useful wavelength range for
each detector and the wavelength range where water absorption is significant can 
be clearly seen.
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Energy (eV)
Figure 3.3 Signal responses, in arbitrary units, as a function of energy for the two detectors used 
for the reflectance, modulated reflectance and PL measurements. For clarity, the line 
corresponding to the In 53Ga.47As detector response is darker and multiplied by a factor of fifteen to 
compare with the response from the silicon detector.
To eliminate the system response from the measured reflectance spectra an 
additional reflectance scan w as routinely taken with the sample replaced by an 
aluminium coated glass slide. For measurements where a cryostat or the pressure 
cell w as used, as described later in the chapter, the mirror w as placed inside the 
cryostat or cell to include the quartz window in the normalisation. The reflectance 
of the mirror was calculated using dielectric data taken from the literature and was 
found to be approximately flat and greater than 90% in the wavelength range of 
interestPallk-1991.
To provide a balance between high sensitivity and satisfactory signal to 
noise ratios, the slit widths and heights were varied from 0.1 mm to 1 mm and from 
0.1 mm to 2 mm, respectively, giving typically a spot size on the sample of 0.5 mm 
by 2 mm. This gives a resolution between 0.35 nm and 3.5 nm (* 0.5 meV and 5 
meV) at 1 pm (1.24 eV). At low light levels the signal to noise ratio was improved
by mechanically chopping the probe beam at a frequency of 333 Hz. The signal 
w as then detected and averaged using a lock-in amplifier.
For polarised measurements, a near IR polariser w as used with an 
operating range between 600 nm and 1800 nm. For normal incidence 
measurements, 50 % beam-splitters were used with operating ranges centred 
either at 600 nm or 850 nm. The turntable from a prism spectrometer w as adapted 
for angle-tuning and measurements at specific angles of incidence, and the finite 
beam spot w as found to limit the precision of the angle of incidence to 
approximately ± 5° over a range of incidence angle between about 25° and 75°. 
For position-tuning measurements a variety of x-y stages were used which 
provided a spatial resolution of approximately 0.1 mm which w as generally 
significantly smaller than the width of the probe beam spot on the sample.
3 .iii Modulated R eflectance
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Figure 3.4 Schematic diagram of the experimental arrangement used for normal incidence P R  
measurements. For measurements at varying angles of incidence, the beam-splitter was removed 
and the sample stage and detector rotated as shown for R  measurements in figure 3.2.
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In modulated reflectance som e property of the sample is modulated so that 
variations in the reflected DC probe beam can be observed. In this case  both the 
DC and AC components of the reflected beam are measured. The range of 
possible parameters that can be modulated has been reviewed by, for example, 
Seraphin Seraph,n- 1972 and Poliak Pollak’ 1993a. In this thesis the electric field was 
modulated. For photomodulated reflectance (PR) measurements the sam e 
experimental apparatus was used as for R measurements except that the sample 
was modulated by a laser beam incident on the sam e spot on the sample as the 
probe beam, as shown in figure 3.4.
Sample
ITO GlassFirstContact
Back Rate 
Second Contact
Sample
ITO Gass 
First Contact
Modulating Frequency Set by Lock-in
Lock-inAmplifier
High Voltage Supply
Back PlateSecondContact
Figure 3.5 Schematic diagram of the C E R  mount used to produce modulating potentials across the 
sample. It is positioned at the sample in figures 3.2 and 3.3 and the modulated reflectance signal 
is retrieved using a lock-in amplifier between the detector and the computer.
For PR, the laser was mechanically chopped at 333 Hz and the modulated 
signal was retrieved from the detected signal using a lock-in amplifier tuned to be 
either in or out of phase with the laser beam or photoluminescence. The laser used 
was either a HeNe laser operating at 632.8 nm with an output power of about 3 
mW, or a HeNe laser operating at 543 nm with an output power of about 1.8 mW. 
The laser powers were calibrated using an optical power meter. The influence of
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scattered laser light on the detected signal was reduced by the inclusion of 
longpass filters directly in front of the detector. Neutral density filters were used to 
adjust the intensity of the laser pump beam hitting the sample, for example to 
reduce the intensity of photoluminescence from the sample.
For contactless electroreflectance (CER) Yin' 1991 a similar experimental 
arrangement was used. In this case, the sample was mounted on a metal plate that 
provided the back contact. An indium tin oxide, (ITO) Synow,ck'> 1998i coated glass 
plate provided the top contact, which is transparent over the wavelength of these 
measurements. The sample was modulated with a voltage of amplitude between 5 
V  and 400 V  at a frequency of 330 Hz and detected using lock-in techniques. The 
CER mount is shown schematically in figure 3.5. The top ITO contact limited the 
range of positions on a piece of sample that could be measured to about 5 mm. It 
also limited the range of angles of incidence from 0° to about 50°.
3.1 iii Photolum inescence
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3 . 6  S c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  u s e d  f o r  P L  m e a s u r e m e n t s  a t  t h e  
U n i v e r s i t y  o f  S u r r e y .  S i m i l a r  a r r a n g e m e n t s  w e r e  u s e d  f o r  m e a s u r e m e n t s  m a d e  a t  o t h e r  s i t e s .
Photoluminescence (PL) Perk0Wlt2> 1993 measurements were made using a 
similar experimental arrangement to that used for the R measurements, shown 
schematically in figure 3.6. Here a 0.25m Jobin-Yvon monochromator was used. It 
was stepper motor driven and computer controlled using a BBC microcomputer 
and software written in house Hosea’3. The sample was modulated with the chopped 
beam from either of the two HeNe lasers discussed previously. The PL signal was 
detected with a silicon detector and a lock-in amplifier arrangement. The detector 
had a similar response to that used in the R and modulated reflectance 
measurements. A sample of ruby with a large and well-documented PL signal was 
used to optimise the apparatus and provide calibration prior to measurement. 
Additional PL measurements were provided from various sources to characterise 
some of the samples studied. These were made using similar apparatus described 
further in section 3.4.
3 .2  S p e c t r o s c o p ic  E i l ip s o m e t r y  ( S E )  a n d  P h o to m o d u ia te d  S E  
M e a s u r e m e n t s
3.2i Spectroscopic Eilipsometry
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F i g u r e  3 . 7  S c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  o f  t h e  W o o l l a m  v a r i a b l e  a n g l e  
s p e c t r o s c o p i c  e l l i p s o m e t e r .
Spectroscopic ellipsometry (SE) Plckering> 1994 measurements were made using 
a variable angle Woollam apparatus with a xenon arc lamp and either a single or 
double monochromator Woollam' 1996. The experimental arrangement is shown 
schematically in figure 3.7. It had a fixed polariser and rotating analyser (polariser) 
both made of quartz, an UV-enhanced silicon detector of operating wavelength 
range from 185 nm to 1100 nm and a variable angle of incidence from 90° (for 
transmission measurements) to 18°. The monochromator and polarisers were 
motor driven and computer controlled with Woollam software Woollam-1996.
The ellipsometer had a computer controlled slit width to maintain a 
satisfactory signal to noise ratio while avoiding saturation of the detector. The 
spectral resolution was therefore variable throughout an experiment and not easily 
defined. The largest slit width possible is 2 mm, however, the light from the 
spectrometer is also coupled through a fibre with a 200 jum core diameter. The 
single spectrometer had a minimum bandwidth of 0.3 nm, but the relatively wide slit 
widths used in the measurements (~ 1 mm) meant that the experimental resolution 
was probably closer to 2 nm in practice. The FWHM of the narrowest feature 
measured was ~ 5 nm.
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Energy (eV)
F i g u r e  3 . 8  S y s t e m  r e s p o n s e  o f  t h e  S E  e x p e r i m e n t a l  a r r a n g e m e n t .  T h e  S i  d e t e c t o r  is  U V - e n h a n c e d  
a n d  e x t e n d s ,  w i t h  r e d u c e d  s e n s i t i v i t y ,  u p  t o  4 . 1  e V .  T h e  p e a k s  a t  l o w e r  e n e r g i e s  c o r r e s p o n d  t o  
e m i s s i o n  l i n e s  f r o m  t h e  X e  l a m p .  F o r  c l a r i t y  t h e  s p e c t r u m  a b o v e  1 . 5  e V  is  m a g n i f i e d  x  1 5 .
The system response for the detector and the experimental arrangement is
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shown in figure 3.8. Measurements were normally made close to the Brewster 
angle of the material being characterised to improve the signal to noise ratio. For 
the semiconductors studied here, the Brewster angle is close to 70° in the 
wavelength range of these measurements. For multi-layer samples the ‘pseudo- 
Brewster angle’ showed greater variation in the wavelength range but the value 
tended to be close to 70° away from the wavelengths of interference features. In 
addition the polariser could be rotated to further maximise the signal to noise ratio. 
The width of the monochromator slit could be controlled for similar optimisation.
The angle of incidence of the apparatus was calibrated with a silicon sample 
with a surface oxide layer approximately 100 A thick. A similar silicon sample was 
used regularly to calibrate the polariser angles. The wavelength of the 
monochromators was calibrated using the emission lines in the xenon spectrum as 
well as by comparison of the spectral positions of sharp and reproducible features 
in the spectra of samples also measured using the calibrated reflectance 
apparatus.
The ellipsometer arrangement was also used to make reflectance 
measurements. For these measurements an aluminium or gold-coated glass slide 
was used to normalise the reflectance. The calculated reflectance of the metal was 
taken into account using literature dielectric values Pallk’ 1991. Unfortunately, 
problems with normalisation limited the exploitation of the technique with this 
experimental arrangement. This problem has been encountered before Wagner- 1937 
however the pseudo-dielectric functions determined from SE measurements can 
be used to calculate R spectra successfully.
3.2ii Photom odulated Spectroscopic Eiiipsometry
Photomodulated spectroscopic eiiipsometry (PSE) Carhne’ 1998 and ‘dc mode’ 
photomodulated reflectance (DCPR) measurements were made using the 
apparatus described above. In these techniques, two consecutive measurements 
were made, one under illumination from a laser and one without laser illumination. 
The effects of illumination can be seen as the difference between the two 
measurements and are determined by simple subtraction. The technique is 
discussed in more detail in chapter 5 and the theory is similar to that of modulated 
reflectance described in section 2.3 of this thesis.
The laser used for this type of dc modulation was a HeNe operating at 632.8
nm with an output power of about 3 mW. Without the use of ac mode lock-in 
amplification techniques, the signal to noise level is quite poor compared to the ac 
mode photomoduiated reflectance measurements made using the techniques 
described in section 3.1. As a result long integration times and averaging were 
required to achieve acceptable signal to noise ratios, up to 8 hours for a spectrum. 
Variations in lamp emission and drift in the electronics were not found to be a 
problem over the timescale of these experiments.
The probe beam spot from the ellipsometer was approximately 4 mm by 10 
mm in diameter at an angle of incidence of 70°. This was considerably larger than 
that of the probe beam from the Spex monochromator used for R and PR. The 
sample area studied in SE could be halved by using a microspot lens, but this was 
rarely done as it reduced the signal to noise ratio. Because of the high level of 
structural change with position across some of the verticai-cavity surface-emitting 
laser (VCSEL) samples studied, this finite size in the beam spot could have a 
significant effect on the measurements made. In all cases however, the probe 
beam spot was larger than the spot from the laser beam on the sample.
3 .3  C r y o s ta ts
PR is a useful technique at room temperature because the features are 
normally narrower than PL and it is not often necessary to cool the sample Pollak’ 
1993a. It was, however, sometimes advantageous or necessary to cool the samples 
to study particularly weak or broad features. In addition, cooling the samples was 
sometimes a useful technique for studying changes in bandstructure with 
temperature. This was especially useful for VCSEL samples because the 
differences in the temperature dependence of the wavelengths of the cavity mode 
and quantum well features meant that they could be brought through resonance by 
temperature tuning Klar’ 1999a. This subject will be discussed in section 6.4 of this 
thesis.
For simple cooling for experiments at liquid nitrogen temperatures a home 
made cold finger cryostat was used with a quartz glass window for near normal 
incidence measurements. The cryostat was positioned where the sample would be 
in figures 3.1, 3.2 and 3.4, so that the entire cryostat could be moved for position 
tuning across the sample. The sample was attached to the cold finger using 
vacuum grease. The vacuum around the cooling reservoir was maintained at
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approximately 10'5 torr using a standard rotary and diffusion pump combination.
There was no temperature sensor on the apparatus and no temperature 
controller. Therefore any variation in the measurement during the experiment due 
to a temperature change of the sample was simply minimised by allowing an hour 
after initial cooling for the sample to reach equilibrium. In addition any change in 
temperature during the measurements was minimised by using short scans of less 
than an hour and regular filling of the cryostat reservoir in between scans. This was 
found to be adequate because measurements made of a GaAs bandgap PR 
feature after an hour of cooling showed that the energy of the feature, and 
therefore the temperature had stabilised. Further PR measurements of the GaAs 
feature at the beginning and end of an hour long measurement showed no 
significant change in phase or wavelength. Using a Varshni Adach1,19923 relationship 
for GaAs, the limit of experimental resolution restricted this temperature change to 
less than about 10° although the sample only cooled to about 200 K, presumably 
due to inadequate thermal contact between the sample and the cold finger.
For variable temperature measurements an Oxford Instruments continuous 
flow cryostat was used, which had four optical access ports (separated by 90°) and 
quartz glass windows. Either nitrogen or helium liquids were used to cool down to 
either 77 K or approximately 4 K respectively. The temperature sensor gave a 
value accurate to 0.1 K and the controller could maintain a temperature to within ± 
0.2 K over the duration of a one hour scan. The vacuum was once again 
maintained by a rotary and diffusion pump combination. The helium flow was 
maintained through the cryostat using a diaphragm pump.
There are some practical problems that are experienced with low 
temperature measurements. The additional cryostat and pumping apparatus 
required necessarily restricts the range of position and angle tuning available for 
the samples. Future work with a cryostat with 360° optical access may help. 
Problems were experienced when making extended measurements on the 
samples in the fixed temperature liquid nitrogen cryostat due to the build up of 
contamination on sample surfaces. The source of the contamination was 
outgassing of material from the cryostat interior.
3 .4  C o m p le m e n t a r y  T e c h n iq u e s
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In addition to the measurements made at the University of Surrey using the
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apparatus already described, several measurements were made by the author and 
collaborators at various sites using alternative apparatus and or techniques. These 
included additional PSE and PR, device measurements and X-ray diffraction and 
electron microscopy. Since these experimental arrangements and techniques were 
already established and were not used for the majority of measurements they will 
only be described briefly here. Further information about the techniques and 
associated measurements is available in the relevant section of the results 
chapters of this thesis and also in the appropriate references.
3.4i UV Photom oduiated Spectroscopic Eilipsometry
The additional PSE measurements, described in section 5.2 of this thesis, 
were made in the UV and visible wavelength range by Dr Carline at the Defence 
Evaluation and Research Agency (DERA) in Malvern, using a Jobin-Yvon 
apparatus with Woollam software. This ellipsometer had a rotating polariser and 
fixed analyser (polariser). The arrangement used a prism spectrometer and 1024 
pixel photodiode array with an operating range between approximately 1.2 eV and 
4.5 eV described more fully by Carline Carline' 1998. The use of an optical multi­
channel analyser allowed faster measurements even with extended integration 
times. The modulation source in this case was a 4 mW  HeNe laser operating at 
632.8 nm.
3.4ii Pressure Tuned Photom oduiated Reflectance
The additional variable pressure PR measurements made by Dr Vicente and 
co-workers, discussed in comparison with temperature-tuned measurements in 
section 6.4 of this thesis, were made using the PR apparatus previously described 
in section 3.1. The sample was mounted in a Unipress Be : Cu liquid-filled clamp- 
pressure cell with a sapphire window for optical access and with a maximum 
working pressure of 1.24 GPa. The experimental arrangement is described more 
fully by Vicente vicen‘e' 1999.
3.4iii VCSEL Device Measurements
The VCSEL device measurements were carried out by Dr Sale and co-
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workers at either the University of Surrey or the University of Sheffield. In some 
cases the results were useful to compare with characterisation carried out on the 
material prior to device fabrication. Devices were studied both continuous wave 
(cw) and pulsed for lasing and spontaneous emission spectra as well as for far field 
speckle patterns. L-l-V profiles and lasing thresholds were also investigated to 
allow comparisons between devices and to investigate the operating 
characteristics of different designs. Details are presented by, for example, Sale Sale’
1995, Sale, 2000
3.4iv High Resolution X-ray Diffraction
The high resolution X-ray diffraction (HXRD) measurements carried out on 
the partial DBR samples discussed in chapter 4 were made by Dr Lambkin at the 
National Microelectronics Research Centre (NMRC) in Cork and Dr Kidd at Queen 
Mary and Westfield College (QMW C). The QMW C apparatus was a Philips 
Materials Research diffractometer used in the 5-reflection mode and results were 
compared by eye with simulations generated using Philips HRS software. The 
technique is discussed by Fewster Fewster>1996 The large number of features in the 
X-ray spectra made interpretation of the results highly sensitive to the structure 
chosen. The NMRC apparatus and measurement technique was similar, as 
described more fully by Thomas ThomaSi 200°. The determination of layer thicknesses 
from X-ray measurements is particularly sensitive to the offcut angle of the 
substrate, as discussed in chapter 4 of this thesis.
3.4v Cross-sectional Transm ission Electron Microscopy
The transmission electron microscope (TEM) measurements Grundy’ 1976 of 
partial DBR samples were made at the University of Manchester Institute of
Science and Technology (UMIST) by the author working with Dr U. Bangert and
o r
co-workersA by H. Meidia at Sheffield University using different methods as 
described more fully in chapter 4 Thomas> 2000 At UMIST the TEM samples were 
prepared by cleaving a small piece of the wafer at the chosen measurement point 
and grinding off the substrate with water and silicon carbide paper to leave a 
section approximately 140pm thick. Straight edge squares, approximately 0.5 mm 
along one side, were then cleaved and mounted on a clip which held the edge of
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the section in the electron beam for measurement. This process typically results in 
approximately 20% yield of usable samples. Epoxy resin held the sample in the clip 
and silver dag was used to coat all but the corner of the sample for measurement 
to prevent charging in the microscope. The TEM was a CM200 and calibrated by 
using standard samples. It was used at a typical magnification of 58000 x.
Further TEM measurements were made at Sheffield University Me,dia’ 2000. In 
this case the samples were prepared from 2 cleaved pieces of sample at the 
chosen measurement point approximately 10 mm x 2.5 mm. The pieces were 
bonded together face to face with epoxy resin. The sample was ground and 
mechanically polished and then thinned from both sides using argon ion milling 
until perforated. Oxidation of the AlAs was a problem in the samples studied but 
was minimised by limiting the time between sample preparation and measurement. 
The microscope was a JEOL 200CX, operating at 200 kV, and was calibrated 
using a thin carbon film of known spacing. Both TEM techniques were difficult due 
to the destructive process of sample preparation but provided valuable direct layer 
thickness images.
3 .5  S a m p le  P r e p a r a t io n
Optical characterisation techniques are necessarily limited by the degree of 
penetration of the probe beam into the sample, and the optical quality of the 
surface, which can strongly affect the quality of the measurements. Rough 
surfaces will reduce the intensity of the probe beam as well as producing scattered 
light, which will interfere with the signal. The SE measurements are particularly 
sensitive to surface roughness and contamination Plckenng’ 1994 as well as to light 
scattered back through the substrate ThomaSi 200°. This sensitivity meant that the 
samples’ surfaces had to be kept clean particularly after mounting or 
measurements in the home made liquid nitrogen cryostat where outgassing 
chemicals from the walls of the vacuum chamber could be deposited on the 
surface.
For the optical measurements, it was normally sufficient to clean the surface 
carefully with trichloroethyiene, then acetone, methanol and finally ethanol. Each 
solvent removes the drying stains of the previous one. For a cleaner surface, for 
measurements with low signal to noise ratios encountered in a few instances, it 
was necessary to boil the solvent. The sample placed in the evaporating solvent
would then be more thoroughly cleaned with less residues remaining. Drying the 
sample in a stream of nitrogen gas would also reduce the residues left on the 
sample surface.
3.5i Oxidation Effects
In SE, the effects of GaAs oxide can be approximated at short probe beam 
wavelengths where penetration into the sample is lower. The effects of an oxide 
can be simulated and added to the model for fitting to measured data. Materials 
with a high aluminium content such as AlxGai-xAs with x > 0.4 will develop a thick 
oxide, which is difficult to measure and characterise Taylor’ 1982. The AIGaAs-oxide 
surface is optically poor in terms of reflectance and optical penetration. The 
increased thickness of this form of oxide also increases its relative significance in 
other measurements. These effects cause problems for optical characterisation of 
such materials. However, oxidation was only found to be a significant problem 
when preparing samples for TEM, as discussed in section 3.4 and chapter 4.
3.5ii Etching
Etching was rarely carried out on material during this study because optical 
characterisation techniques are inclined towards non-destructive applications. In 
addition, the surfaces left by etching are often rough and may restrict optical 
measurements. Fortunately it is not normally necessary to etch layers from the 
surface of a multi-layer structure to probe the internal material. However, it has 
been found necessary to remove some layers to probe a certain portion of a 
structure, for example by Klar and others Smith’1995, Klar’ 1999b.
Of the samples studied here it was only found necessary to carry out 
etching on two of the VCSEL structures. In both cases the highly reflective top 
AIGaAs based DBRs were removed using selective wet etchants for GaAs and 
AIGaAs. The purpose was to expose the quantum wells for study. The material 
was initially dipped in dilute hydrochloric acid and then etched for 10 s runs in a 
1:1:1 mixture of hydrogen bromide, ethanoic acid and potassium dichromate. This 
mixture etches the material at approximately 4 pm per minute at room temperature. 
These matters are discussed in sections 6.4 and 7.3 of this thesis.
3. Experimental Techniques 46
3. Experimental Techniques 47
3 .6  D a t a  In te r p r e ta t io n  a n d  A n a ly s is
It is important to note, that the optical techniques described here were not 
normally used to make absolute measurements of, for example, reflectance or 
dielectric functions. Instead, the results from the measurements were normally 
fitted by appropriately scaled calculated optical responses from a variety of models. 
The final section of this chapter summarises how the data were modelled and 
fitted. The use of additional information to construct and verify the physical validity 
of the models is also discussed. Great care has always been taken to ensure that 
as much information as possible is gained for the characterisation of each sample 
studied. This enables the most accurate interpretation of the measurements. The 
following four results chapters also contain details of specific examples of data 
interpretation where appropriate.
3.6i R I SE Modelling
The modelling of reflectance and SE spectra from bulk and multi-layer 
structures used reference dielectric data from the literature Pa!lk’ 1991 and the 
extensive database supplied with the Woollam SE software Woollam’ 1996. The 
Fresnels equations for calculating the reflections of S and P polarised light for 
multi-layer structures were incorporated into Jones matrices K,ein’ 1986b, as discussed 
in section 2.2 of this thesis. Models were constructed using algorithms developed 
by Dr Hosea Hosea’ 1 or included in the Woollam software Woo,lam’ 1996, The algorithms 
include the effects of absorption and the multiple reflections at each interface. They 
were adapted and updated during the course of the study but always kept as 
simple as possible.
The models rely heavily on the material dielectric data, comparisons of 
literature dielectric functions from various sources for common materials, such as 
GaAs, for example, showed no significant variations Woollam’ 1996) S1 and s2 typically 
varying by less than 1 % on average over the wavelength range of interest. For 
less well known materials including (AlxGai-x).5ln.5P alloys there were little data 
available and formulae had to be used to model the dielectric functions Kat0’ 1994 
although these always compared well with whatever measured data were 
available. Models were also developed to simulate doping, roughness and alloys,
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in materials where measured data were unavailable, and to limit the number of free 
fitting parameters Bauer-1996.
3.6ii Fitting; By Algorithm s and By Eye
Limiting the complexity and the number of free parameters in the fitting 
models is an important part of ensuring physical reliability in the analysis process. 
Using as much information as possible to construct the models accurately is also 
important in ensuring that the data are interpreted in a valid manner. Accurately 
measured dielectric data were combined with nominal model designs and 
information from complementary techniques to increase the accuracy of the model. 
In addition, the range over which the characteristics of the structure can vary in the 
fit was restricted to physically acceptable variation. The models for highly 
complicated structures were further simplified by describing repetitive layers, 
including the DBR stacks for example, in terms of an averaged structure. This is 
discussed later in the experimental chapters, particularly in chapter 4 Woollam’ 1996-
Thomas, 2000
The fitting process is based on a conventional Least-Squares Levenberg- 
Marquardt algorithm Marquardt’ 1963. Algorithms constructed by Dr Hosea Hosea’ 1 and 
developed in the Woollam software Woollam- 1996 were used to fit the complicated R 
and SE spectra at various wavelengths simultaneously. The fits minimised the 
difference between the modelled and measured data. The equations for 
minimisation are described in terms of the reflectance or SE components as either
1 N
MSE — 7  -----
(2 N ~ M )fY
or
' y/™p — ^/mod V  (  Aexp — Am°dV
%i (3.2).
In these equations, N is the number of measured data points, M the number of free 
parameters in the fit, R, W and A are the measured or modelled data points and %2 
and the mean squared error (MSE) represent the quality of the fit and are 
minimised in the fitting process. The differences between the x2 and MSE are 
discussed in chapter 4.
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To further test the validity of the model, the fitting was carried out with a 
variety of starting values for the parameters but the final fit was always found to be 
consistent with little variation in the results. The energy dependence of the depth of 
penetration of the probe beam into the sample enabled selective fitting of parts of 
the model at particular spectral regions and these regions were then recombined in 
the final fit. In addition, the quality of the fit at critical points in the bandstructure of 
the materials, for example the Ei and Ei + Ai features in GaAs Erman’ 1983, was 
considered in detail as these regions are particularly sensitive to composition.
On some occasions, the model was compared to the results by eye. The 
HXRD spectra and TEM data were interpreted this way but a considerable amount 
of attention was paid to the interpretation of the data. Even where analysed 
separately to the remaining data, results considered by eye were always found to 
be in good agreement with the results from the other techniques. Simpler fitting, for 
example the Fj and J plots for interpreting FKOs described in chapter 2, was 
always used to complement more complicated analyses wherever possible.
The PSE and PR spectra were fitted with a variety of lineshapes depending 
on the source of the feature, as outlined in section 2.3 where the theory of PR and 
ER were discussed G,embock'-1992-Po,,ak-1993a. |n the main, the features were related to 
bandstructure critical points although chapter 6 describes the development of a 
lineshape to model interference based spectral features. In the simplest instance 
the peak in the modulus of the PR features could be used to find the approximate 
energy of the critical point. Algorithms constructed by Dr Hosea Hosea, 1 were used 
to model the real and imaginary parts of third differential functional form (TDFF) 
oscillators, Airy and other relevant functions. The same least-squares Marquardt 
based fitting algorithm, as used for the reflectance data, was used to fit these 
functions to the measured data. The fitting allowed the energy positions, 
amplitudes and spatial widths of the oscillators to vary, as well as the PL 
background.
Once again, various initial values were used for the free parameters and the 
range over which the values could vary were kept physically meaningful. Attempts 
were also made to constrain the model to its simplest form and minimise the 
number of free parameters in the fit. Continuity was obtained between the results 
of comparative measurements and the results were also compared with those from 
the literature, where appropriate. The interpretation of modulated spectroscopic 
measurements is discussed in some detail in chapter 5.
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Complementary information was provided from a variety of sources 
including growth, device measurements and PL measurements of quantum well 
emission energies. Some of the measurement techniques have been discussed in 
section 3.5 of this thesis. Information in addition to this was available from the 
literature. Attempts were also made at every stage to interpret the reliability of the 
complementary information based on its source.
Theoretical transition energies for quantum wells were calculated using an 
algorithm developed by Dr Silver at Surrey Sllver’ \  This model is based on the 
effective mass approximation Andreani> 1987 and uses three-band k.p theory to 
calculate the valence bands 0>Reilly> 1991. The model also takes into account the 
effects associated with exciton binding as discussed in section 2.1. Here, the 
model was only used to compare nominal transition energies with those 
determined from measurements, the comparison is normally restricted to the 
ground state transition and is often use! simply to identify the feature associated 
with the quantum well transitions observed in modulated spectroscopy. The 
algorithm is discussed in more detail by, for example, Dr Rowland Rowland> 1998-Row,and-
1999a, Rowland, 1999b
Some attempts were also made to interpret the experimental effects on the 
measured data. These effects include the finite spectra! and spatial resolution as 
well as the broadening effects of a finite angular spread of the probe beam on the 
sample and detector. As described in section 2.3, the increase in broadening of PR 
features with temperature is included in the different lineshapes used to model 
them at low and higher temperatures Shanabrook’ 1987> Hall>1996a.
The structural non-uniformity of VCSEL material meant that the finite beam 
spot on the sample was one of the most important causes of broadening in R and 
PR features as discussed by Klar Klar’ 1998. The broadening effects on VCSEL  
measurements are also discussed here in chapters 6 and 7. The even larger beam 
spot on the sample for SE measurements and the increased slit widths resulted in 
broader features in the SE spectra but it was generally found that these effects did 
not prevent the use of the same PR lineshapes to model the features in PSE 
spectra. Specific cases where broadening or other experimental effects are taken 
into account are discussed in the relevant section of the following four chapters.
3 .6 iv  C o m p le m e n t a r y  I n fo r m a t io n  a n d  M o d e l l in g
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4 .  O p t i c a l  C h a r a c t e r i s a t i o n  o f  T h i c k n e s s
V a r i a t i o n s  o f  P a r t i a l  D i s t r i b u t e d  B r a g g  
R e f l e c t o r s
4 .1  In tr o d u c t io n  T o  D B R s
The vertical-cavity surface-emitting laser (VCSEL) offers significant 
advantages over conventional edge-emitting lasers. These are discussed in 
chapter 6 and 7 and by, for example, Sale Sale> 1995. The VCSEL has a highly 
complicated structure containing several hundred layers, including an active region 
length of the order of one lasing wavelength Agrawal-1995. This is considerably shorter 
than the active regions in conventional edge emitters. With such a small optical 
cavity, the photon density required for stimulated emission and lasing is achieved 
by multiple passes of the photons through the active region. This is accomplished 
by significantly reducing the optical losses at the mirrors, and requires the mirrors 
to possess reflectivities of the order of 99.9%. Even a metal mirror can only 
provide a reflectivity of approximately 90 % and the most acceptable solution that 
has been developed is the distributed Bragg reflector (DBR) Macleodt 1969
4„1i DBR Structure
Distributed feedback etalons and DBR mirrors have been used in edge- 
emitting lasers to Patrick a s.'/^ lasing mode for amplification but the increased 
reflectivity is not normally required Thompson> 198°. The DBR is made up of alternating 
pair layers of high and low refractive index material, each of optical thickness equal 
to a quarter of the selected wavelength. That wavelength will be at the centre of a 
high reflectance plateau, or stopband, whose spectral width is determined by the 
refractive index difference between the two DBR materials Saie’ 1995, Macleod’ 1969. The 
materials used are typically AIGaAs based and the number of pairs required can be 
twenty or so at near-iR wavelengths, to more than double that many at visible 
wavelengths, to produce the necessary reflectivities of 99% and 99.9%, 
respectively Sale’ 1995. The higher reflectance in the mirrors at shorter wavelengths is
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necessary because of the reduced efficiency of the gain in the active region Sale’
1997
The central wavelength of the high reflectance stopband is simply defined 
by the optical thickness of the layers in the DBRs. The other optical properties of 
the DBR mirror, if absorption is minimal, are defined in terms of the refractive 
indices nH, ni_ and ns of the high and low refractive index materials and substrate 
respectively and the number of layers by the following equations:
p is the number of low refractive index layers in a total number of 2p + 1, and Rmbx 
is the peak reflectance at normal incidence in free space and Wsb is the spectral 
width of the high reflectance stopband Macleodi 1969. These equations show that WSb 
is determined only by the differences between the refractive indices of the two 
materials. Rmbx is determined by the number of layers and the ratios of the 
refractive indices of the two materials in the DBR. Although it is not inherently clear 
from the equations, the Rmbx and WSb are also strongly dependent on the optical 
thicknesses of the layers, variations in these reduce the efficiency of the mirror, 
decreasing R^ax and broadening WSb of the DBR. The sensitivity of the optical 
properties of the DBRs on the thickness and composition of the layers is 
demonstrated in figure 4.1i and 4.1ii which model the effects of progressive growth
(% cFfcUeir pecti'vie. inifcuti
miscalibration in thicknessAand composition (aluminium content) from the nominal 
values respectively for a simple 20 pair AI0GaiAs / AhGaoAs DBR structure. The 
reflectance spectra were calculated using the Jones algorithm.
Figures 4.1i and 4.1 ii show the reflectance spectrum for the nominal 
structure and also summarise the effects of the changes to the structures in terms 
of the centre wavelength, peak reflectance and spectral width of the stopbands. 
The changes in the thicknesses of the layers can be seen to shift the central 
wavelength (energy) of the stopband from its nominal value, in addition the R^ax 
and Wsb vary from their nominal values as the Bragg condition becomes less 
satisfied. The changing aluminium content in the DBR layers also causes the 
stopband’s spectral position to shift slightly because of the changing optical 
thickness. The changes in the differences between the refractive indices of the two 
materials also cause a reduction in R/wax and cause Wsb to alter. In the extreme 
case, the difference in the optical path length of the two materials causes the high
(4.1) and
4 .  O p t i c a l  C h a r a c t e r i s a t i o n  o f  D i s t r i b u t e d  B r a g g  R e f l e c t o r s  5 3
reflectance stopband to begin to split between the two central wavelengths, 
causing a dip in the centre of the stopband.
F i g u r e  4 . 1  i R e f l e c t a n c e  s i m u l a t i o n  f o r  a  n o m i n a l  2 0  p a i r  G a A s  I  A l A s  D B R  s t r u c t u r e .  T h e  i n s e t s  
s u m m a r i s e  t h e  e f f e c t s  o f  v a r i a t i o n  i n  s t r u c t u r e ;  t h e y  s h o w  t h e  c e n t r a l  w a v e l e n g t h ,  s p e c t r a l  w i d t h  
a n d  m a x i m u m  r e f l e c t a n c e  o f  t h e  s t o p b a n d  a s  a  f u n c t i o n  o f  t h e  v a r i a t i o n s  in  l a y e r  t h i c k n e s s e s .
F i g u r e  4 . 1  ii R e f l e c t a n c e  s i m u l a t i o n  f o r  a  n o m i n a l  2 0  p a i r  A l o G a i A s  /  A ^ G a o A s  D B R  s t r u c t u r e .  T h e  
i n s e t s  s u m m a r i s e  t h e  e f f e c t s  o f  v a r i a t i o n  in  s t r u c t u r e ;  t h e y  s h o w  t h e  c e n t r a l  w a v e l e n g t h ,  s p e c t r a l  
w i d t h  a n d  m a x i m u m  r e f l e c t a n c e  o f  t h e  s t o p b a n d  a s  a  f u n c t i o n  o f  t h e  v a r i a t i o n s  in  A l  c o m p o s i t i o n .
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In the case where layer thicknesses or compositions vary across the plane 
of growth, the characteristics of the mirrors and therefore the VCSELs will also 
vary Agrawal- 1995. Optical characterisation techniques are able to provide a measure 
of this non-uniformity and also identify regions where the growth is within 
specifications Maracas- 1993> Sale’ 200°. To investigate the applicability of a variety of 
optical techniques to such a task and also to study the possible problems 
associated with DBR growth, three samples of GaAs /  AlAs partial DBR stacks 
were grown, each five and a half pairs thick. The partial structures also provided a 
simpler structure to begin the investigation.
The three samples designated as, LC1025, LC1026 and LC1033, by
(Na.tioAt)-i /Uc'~»e.le.cfcrerti<-s R e s C o r k )
growers at nhrc ,h ere referred to as A, B and C, were nominally identical withA
GaAs layer thickness 1130A and AlAs layer thickness 1340A and were grown by 
MOVPE with different flux flow rates (see figure 4.2). The samples were grown 
without substrate rotation and each showed variations in layer thicknesses across 
the plane of their growth.
GaAs Layer 0 
DBR Mirror Pair 1
DBR Minor Pair 2
DBR Mirror Pair 3
DBR Mirror Pair 4
DBR Mirror Pair 5
GaAs 1130 A
AlAs 1340 A
GaAs 1130 A
AlAs 1340 A
GaAs 1130 A
AlAs 1340 A
GaAs 1130 A
AlAs 1340 A
GaAs 1130 A
AlAs 1340 A
GaAs 1130 A
GaAs Substrate
X-Axis Wafer Position (inches)
F i g u r e  4 . 2  N o m i n a l  s t r u c t u r e  o f  t h e  G a A s  /  
A l A s  p a r t i a l  D B R  s t r u c t u r e .  T h e  l a b e l s  d e f i n e  
t h e  l a y e r s  a n d  l a y e r  p a i r s  a s  r e f e r r e d  t o  h e r e .
F i g u r e  4 . 3  D i a g r a m  o f  D B R  w a f e r s  a c r o s s  t h e  
p l a n e  o f  g r o w t h  s h o w i n g  t h e  d i r e c t i o n  o f  
g r e a t e s t  t h i c k n e s s  v a r i a t i o n  in  e a c h  o f  t h e  
t h r e e  s a m p l e s .  T h e  d i r e c t i o n  o f  g a s  f l o w  
d u r i n g  g r o w t h  is  a l s o  s h o w n  ( w h i c h  w a s  t h e  
s a m e  f o r  a l l  t h r e e  w a f e r s ) .
used to study Waese. scouples
The optical techniques^are all indirect, which means that the results must be 
fitted by modelling the structure’s response. The model of the DBR was kept as
simple as possible, although the individual techniques brought subtleties to the 
model in some instances, as described later. However, the general model adopted 
used the nominal structure and one of two fitting approaches was taken, as 
follows. In the first instance, the six GaAs layers were assumed to have identical 
thickness and likewise for the five AlAs layers, so that only two thicknesses 
needed to be considered, consequently this is referred to as the ‘two thickness’ 
model. In the more complicated approach all the layer thicknesses were allowed to 
vary as free parameters in the fit. It was found with this approach that the GaAs 
layer next to the substrate could not be varied independently however, because it 
is effectively indistinguishable from the substrate. Instead, the thickness of this 
GaAs layer was constrained in the fit to be the same thickness as the next 
outermost GaAs layer. This model, therefore, involves varying ten layer 
thicknesses independently and so it is referred to as the ‘ten thickness’ model.
Section 4.2 describes reflectance spectroscopy (R) measurements, which 
were made across the plane of growth of each sample at each grid point to map 
the surface of the wafers. These measurements enabled determination of the line 
of greatest thickness variation across the plane of growth. The measurement 
positions, as illustrated in figure 4.3, are described by distance in inches from the 
wafer centre. For sample C, positive distances indicate positions on the bottom 
right of the diagonal. Section 4.3 describes corresponding spectroscopic 
ellipsometry (SE) measurements, made on the three samples. These 
measurements were made along the lines of greatest thickness variation for each 
wafer identified by the earlier R results.
Section 4.4 describes complementary measurements made on the wafers 
including photomodulated reflectance (PR), high-resolution X-ray diffraction 
(HXRD) and destructive transmission electron microscopy (TEM). Section 4.5  
presents a summary and comparison of the results from the different techniques 
and section 4.6 concludes this chapter and considers the characterisation of the 
structures, and also the applicability of the techniques to the characterisation of 
such complicated multi-layer semiconductor structures for experimental and 
industrial purposes.
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4 . 2  R e f le c t a n c e  S p e c t r o s c o p y
The reflectance spectrum of a bulk semiconductor is generally smooth, with 
no pronounced features even at energies corresponding to the critical points in its 
bandstructure. With multi-layer structures of thickness of the order of the 
wavelength of light, however, it is possible to observe interference features in the 
spectrum. For instance, the reflectance spectrum of a DBR structure shows many 
subsidiary interference features on either side of a high reflectance stopband Agrawal’
1995
It has already been shown, in section 4.1 that the spectral width, maximum 
reflectance and spectral position of the high reflectance stopband are directly 
determined from a combination of, the number, composition and thicknesses of the 
layers that make up the structure. By considering the wealth of additional 
subsidiary interference features, which are also strongly dependent upon the 
individual layer thicknesses and compositions, a significant amount of structural 
information can be obtained from the reflectance spectrum. Exploiting the 
additional fact that the probe beam will sample different layers at different spectral 
energies, because of the energy dependence of the penetration depth Wool!am 1995) it 
is possible to determine the layer thicknesses by fitting a mode! of the structure’s 
optical response to the experimental spectrum.
4.2i Experimental Measurements
The reflectance measurements were carried out using the experimental 
arrangement described in section 3.1 at the University of Surrey. The wafers were 
mounted on an X-Y stage with the Y-axis held vertically. They were mapped at 
horizontal and vertical intervals of 0.25 inch across their plane of growth, shown by 
the grid points in fig 4.3. The lno.53Gao.47As detector was used for measurements 
over a wavelength range from 900 nm to 1700 nm (~0.73 eV to ~1.38 eV), the 
upper wavelength limit being due the lno.53Gao.47As detector used. This range 
included several prominent interference features in the DBR reflectance spectrum 
including part of the main high reflectance stopband. Although the remainder of the 
stopband lay above the wavelength range of the detector, it was found that there 
was sufficient information in the reflectance spectra to fit with the model 
successfully and gain physically meaningful information about all the layer
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thicknesses. In addition, the absorption of the materials is virtually zero in this 
wavelength range and therefore the probe beam will penetrate all the layers in the 
structure.
The incident light was S-polarised, using the near infrared polariser and the 
angle of incidence was 25° ±  5° which was the physical limitation closest possible 
to normal incidence in our arrangement. This avoids the signal losses from beam­
splitters, which would be necessary for normal incidence measurements. The 
spectrometer slits were set at 0.3 mm by 2 mm, giving a spot area on the sample 
of approximately 1 mm2 and a resolution (FW HM) of ~ 1.0 nm (0.75 meV) in the 
wavelength range studied. The R spectra were normalised by dividing by the 
system response, which was itself measured simply by repositioning the detector to 
measure the spectrum of light incident at the sample. An extra multiplicative 
normalisation parameter was included in the fitting, to account for differences in the 
light intensity caused by variations in the light collection angles in measuring the 
sample reflectance and system response. The value was always found to be close 
to unity, typically 1.085 ±  0.035 for all three wafers and this essentially indicates 
the degree of uncertainty in the normalisation process used.
Typical S-polarised spectra, measured at the centre of each of the wafers, 
are shown in figure 4.4 as filled circles. For clarity only one data point in four is 
shown. Figure 4.4 also shows the corresponding two and ten thickness fits for 
each wafer. The complicated series of interference features can be clearly seen, 
including the high-energy edge of the high reflectance stopband. It is clear, from 
figure 4.4, that the spectra from each sample are similar. However, the differences 
in spectral position and magnitude of the features are due to the differences in the 
thicknesses of the layers between the three wafers.
4.2ii Results and Analysis
The fitting of the R spectra was carried out using a Levenberg-Marquardt 
algorithm and the quality of the fit was defined as the x2 parameter described, in 
section 3.6, by equation 3.1. Samples A and C, showed similar results and are 
discussed first. The spectra in figure 4.4 indicate that the two-thickness fit is 
acceptable for samples A and C although there is clearly some discrepancy 
between 1 and 1.25 eV. In this region, an improved fit was achieved by allowing 
the thicknesses of ail the layers to vary independently, in a ten-thickness fit, as
shown in figure 4.4. The %2 was then typically reduced from 7.1 x 10'5 to 2.1 x 10~5 
for sample C, and similar results were obtained for sample A.
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Energy (eV) Energy (eV)
F i g u r e  4 . 4  F i t s  t o  r e f l e c t a n c e  s p e c t r a  
m e a s u r e d  a t  t h e  c e n t r e  o f  e a c h  o f  t h e  t h r e e  
w a f e r s .  T h e  f i l l e d  c i r c l e s  i n d i c a t e  t h e  
e x p e r i m e n t a l  d a t a ,  t h e  r e d  l i n e s  i n d i c a t e  t h e  
t w o - t h i c k n e s s  f i t s  a n d  t h e  b l u e  l i n e s  i n d i c a t e  
t h e  t e n - t h i c k n e s s  f i t s .
F i g u r e  4 . 5  R e f l e c t a n c e  s p e c t r a  c a l c u l a t e d  f o r  
t h e  f i n a l  f i t t e d  s t r u c t u r e s  a t  o p p o s i t e  e d g e s  o f  
t h e  t h r e e  w a f e r s ,  t o  s h o w  t h e  v a r i a t i o n  in  
h i g h  r e f l e c t a n c e  s t o p b a n d  m a g n i t u d e  a n d  
s p e c t r a l  p o s i t i o n .  T h e  r e d  a n d  b l u e  l i n e s  
i n d i c a t e  t h e  r e f l e c t a n c e  c a l c u l a t e d  a t  0 . 7 5  
i n c h e s  a n d  - 0 . 7 5  i n c h e s  a l o n g  t h e  
m e a s u r e m e n t  l i n e s  r e s p e c t i v e l y .
It was found that if the GaAs layers showed an increase in thickness with 
position, in the two-thickness fits to samples A and C, then so did the AlAs layers. 
It was also found that there was only a relatively small inverse correlation of 0.6 
between the GaAs and AlAs layer thickness parameters from the fit. This indicates 
that the individual layer thicknesses could be determined with reasonable certainty. 
However, in some instances it will be more informative to consider the pair 
thickness when comparing the results with those from the other techniques later in 
this chapter.
Two thickness fits were performed on the R spectra measured at each grid 
point on the three wafers (see fig. 4.3). However, the ten-thickness fits were only 
performed on measurements along the line of greatest thickness variation. For
samples A and C a smaller correlation coefficient of about -0.3 was determined 
between the thickness parameters of adjacent GaAs and AlAs layers in this case. 
The correlation also became less pronounced for layer pairs closer to the wafer 
substrate. More importantly, the layer thicknesses generated from these fits 
differed by less than ± 5 % from those of the corresponding two-thickness fits. This 
result indicates the acceptability of the simpler fit in this instance. In sample A, but 
not sample C, the layers closer to the substrate were found to be thicker than 
those nearer to the surface, by about 2%. Nevertheless, the two thickness fits were 
judged to be acceptable for both samples A and C.
In figure 4.4 it can be seen that the two-thickness fit was substantially worse 
for sample B than for samples A and C. The typical %2 was greater with an average 
value of 4.9 x 10"4. Therefore these fits were judged to be unacceptable. For this 
sample, however, the ten thickness fits showed significant improvement as 
indicated in figure 4.4 and the x2 decreased to an average value of 2.5 x 10"5 which 
is comparable with the quality of fit achieved for samples A and C. In these fits, the 
layer thickness tended to increase between the surface and the substrate, a trend 
similar to that observed in sample A but of a larger proportion of about 10% in this 
case.
To demonstrate the degree of variation in structure observed from the 
reflectance measurements, figure 4.5 shows theoretical reflectance spectra 
calculated from the layer thicknesses from fits at opposite ends of the 
measurement line for all three wafers. The variations in layer thickness across the 
plane of growth of the wafers result in an overall shift in the high reflectance 
stopband peak of 28 meV, 43 meV and 32 meV for samples A, B and C, 
respectively. In addition, the peak height of the stopband has a total variation of 
about 3%, 10% and 2% for samples A, B and C, respectively. This magnitude of 
variation in structure, across the wafer, for a full VCSEL would result in significant 
differences in the operating characteristics of devices fabricated from it, as well as 
regions where devices would not operate at a llAgrawal> 1995.
As a further indication of the non-uniformity of the three samples, wafer
maps of the GaAs /  AlAs pair layer thicknesses across the plane of growth are
A , |? c^ fieL c
plotted in figures 4.6i, 4.6ii and 4.6iii for each of the three wafersArespectively. 
These were constructed using the values from the two-thickness fits, which were 
measured at 0.25 inch grid points for each wafer, as shown in figure 4.3. These 
maps were also used to determine the approximate direction of the line of greatest
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thickness variation, also shown in figure 4.3, for the subsequent measurements 
described in the following sections of this chapter.
4 . 6 i ,  4 . 6 i i  a n d  4 . 6 i i i  W a f e r  m a p  o f  p a i r  l a y e r  
t h i c k n e s s  v a r i a t i o n  a c r o s s  t h e  p l a n e  o f  
g r o w t h  f o r  e a c h  o f  t h e  t h r e e  w a f e r s .  T h e s e  
t h i c k n e s s e s  w e r e  d e t e r m i n e d  f r o m  t w o -  
t h i c k n e s s  f i t s  t o  t h e  r e f l e c t a n c e  d a t a  
m e a s u r e d  a t  t h e  g r i d  p o i n t s  o f  f i g u r e  4 . 3 .
Partial DBR Sample B
Partial DBR Sample C
4 . 3  S p e c t r o s c o p ic  E l l ip s o m e t r y
SE is typically used to characterise thin films or to measure the dielectric 
function of new materials, but the technique is not normally applied to complicated 
multi-layer structures Woollam’ 1996. For multi-layer structures with thicknesses of the
order of the wavelength of , however, SE can provide valuable information*
Pickenng, 1994 a n c j jt  js  a |SQ s e n s jt jv e  t 0  v e r y  t ^ jn  |ayers because of the phase
2900
2850
information it measures. The spectra measured by SE from the DBR samples 
show a complicated series of interference features in both ¥  and A similar to those 
observed in reflectance measurements, as shown in figure 4.7. Since these 
features are strongly dependent upon the layer thicknesses, models fitted to the 
SE measurements can be used to obtain individual layer thicknesses for even 
complicated structures in a similar manner to that achieved with the R 
measurements described in the previous section.
4.3i Experim ental Measurements
SE spectra were measured along the appropriate central measurement line 
(see figure 4.3) at intervals of 0.25 inch, 0.125 inch and 0.177 inch, for samples A, 
B and C, respectively. The monochromator slits were 2 mm wide leading to an 
incident beam spot on the samples of approximately 2 mm in radius, somewhat 
larger than that used in the reflectance and PR experiments. The measurements 
were made in the wavelength range from 300 nm to 1100 nm (-1 .13  eV  to ~ 4.13 
eV) and to improve the signal to noise ratio, the measurements were performed 
near the Brewster angle of GaAs of about 72° in this wavelength range studied. To 
further improve the signal to noise ratio, the analyser polariser .was rotated 40 
times at each wavelength to average the values measured and also to determine 
the standard deviation of W and A.
It was found that at energies less than 1.43 eV, below the bandgaps of both 
GaAs and AlAs, the periodic interference features from the DBR layers were lost 
due to back-surface effects at the substrate. Therefore, the fitting was limited to 
the part of the spectrum at energies above the GaAs absorption edge i.e. a 
restricted wavelength range from 300 nm to 870 nm (~ 1.43 eV to ~ 4.13 eV). 
There were still sufficient features for a realistic fit to be made of the DBR layer 
thicknesses. However, the penetration depth of the probe beam was clearly limited 
by absorption in the shorter wavelength (higher energy) portion of the spectra. This 
will mean that the upper layers will have a more significant effect on the shape of 
the spectra at higher energies, above about 2 eV Thomas- 200°.
Figures 4.7i and 4.7ii show the ¥  and A spectra from the centre of each 
wafer, with the two-thickness fits constructed using a Levenberg-Marquardt 
algorithm. This is similar to that used for the reflectance fits except that both ¥  and 
A were fitted simultaneously. The ten-thickness fits are not shown in figures 4.7i
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and 4.7ii because the two-thickness fits are already in very good agreement with 
the data. In this case, the quality of the fit is determined from the MSE parameter, 
defined in equation 3.2. The MSE is similar to the x2 parameter defined earlier for 
reflectance fitting. However, as described in section 3.6, the MSE also takes into 
account the standard deviation of each datum point measured in the SE
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Energy (eV ) E n e rg y (eV)
F i g u r e s  4 . 7 i  a n d  4 . 7 i i  S E  a n d  A  s p e c t r a  m e a s u r e d  f r o m  t h e  c e n t r e  o f  e a c h  o f  t h e  t h r e e  w a f e r s .  
T h e  f i l l e d  c i r c l e s  i n d i c a t e  t h e  m e a s u r e d  d a t a ,  t h e  l i n e s  i n d i c a t e  t h e  t w o - t h i c k n e s s  f i t  t o  t h e  d a t a .
Due to the surface sensitive nature of SE, it was found necessary to include 
a thin layer of GaAs oxide on the surface of the model, the thickness of which was 
included as an additional free parameter in both the two- and ten-thickness fits. 
However, this was found to be about 30 ± 5 A in all cases, so was not considered 
to detract from the reliability of the fit. It is worth noting that the inclusion of such an 
oxide layer, in the model used to fit the reflectance spectra, was not found to have 
a significant effect on the fits or the resulting GaAs and AlAs layer thicknesses.
4.3ii Results and Analysis
The spectra in figure 4.7i and 4.7ii indicate that the two-thickness fit is very 
good, for both VF and A, for all three wafers across the entire energy range
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measured. The fit becomes slightly poorer for A at lower energies where the 
spectra exhibit sharper features. The high quality of the fit near the and Ei +A1 
critical points, near 2.9 eV and 3.1 eV  (428 nm and 400 nm) respectively is 
particularly important, because the depth of the dip between these two points in the 
tan (¥ )  spectrum is known to be a measure of the purity of the material Erman’ 1983. 
Since the fit used the literature dielectric data for undoped GaAs and AlAs 
materials, it is also strongly suggested that the samples contain high quality, 
nominally undoped material.
SE is also highly sensitive to layer interfaces and intersurface mixing 
between layers, as well as roughness p'ckenng> 1" * .  wooiiam, 1996 js  w o r t h  noting that 
when the model was further complicated to include these defects, there was no 
significant improvement observed in the fits. In addition, there were no significant 
changes to the resulting GaAs and AlAs layer thicknesses determined from the fits.
ci am o w-fcs ije bUc itY< ty of~ Ute. St e«.i u.rsM<
This indicates that defects at the layer interfaces are ' for
A.
these samples.
The MSE for the two thickness fits was seen to vary between positions on 
an individual wafer by up to a factor of 5 for samples A and C, which is more 
significant than that observed in the %z of the equivalent reflectance data fits. Since 
the standard deviation observed for each pair of SE data points was relatively 
consistent across and between samples, it was assumed that this effect is due to 
the increased sensitivity of the SE technique to surface and interface quality. More 
significantly, the typical MSE values obtained were similar in all three wafers. 
Furthermore, within the 95 % confidence limits of the W VASE fitting software, the 
uncertainties in the fitted layer thicknesses were a few A and these values were 
also determined to be reproducible to within a few A in repeated measurements.
In going from the two- to ten-thickness fits, and allowing all the layer 
thicknesses to vary independently there was very little improvement in the fits to 
wafers A and C. The typical MSE decreased by less than 10 % for both samples. 
Furthermore, the resulting thicknesses determined for the individual layers were 
very close, typically within ±  3 % of those determined from the two thickness fits. 
Unlike the R results from the ten-thickness fits to sample A, the layer thicknesses 
do not show a particular trend through the growth direction in this case however. 
Therefore, as for the reflectance measurements, the two thickness fits were 
considered to be acceptable for samples A and C.
For sample B the two-thickness fits were already in good agreement with 
the spectra and the MSE was typically about 10. However, there was a more 
significant improvement in the quality of the fit when all ten layer thicknesses were 
fitted independently, and the MSE was reduced by typically 20 % to similar values 
to A and C. Here, the fitted individual layer thicknesses differed from the values 
determined from the two thickness fits by typically 5 %. In agreement with the 
results from the fits to the reflectance spectra for this sample, this demonstrates 
that the ten-thickness fit is perhaps a more suitable approach for sample B.
4 . 4  C o m p le m e n t a r y  T e c h n iq u e s
In addition to the R and SE measurements, made on the three partial DBR 
wafers, several other techniques were used on several of the samples to provide 
complementary information to characterise the structures. These measurements 
were made in collaboration with various co-workers, and at various sites, as will be 
described in this section. PR, HXRD and TEM measurements were made on a 
combination of positions on the wafers, and the information provides a valuable 
comparison between the techniques, as well as corroborative and complementary 
details concerning the structures.
4 .4 .i Photom odulated Reflectance
PR is another non-contact and non-destructive optical characterisation 
technique for studying the bandstructure of a material. The observation of the 
critical point energies of a semiconductor can enable approximate evaluation of the 
composition of the material in terms of the energy position and broadening of the 
bandgap E0 feature Bottka’ 1988. In addition, for bulk materials In the intermediate 
electric field regime, the PR spectrum near a critical point energy is characterised 
by semi-periodic FKOs, as described in section 2.3. These oscillations have a 
period, which is directly related to the amplitude of the built-in dc electric field in the 
sample Pollak-1993.
PR measurements of the FKOs associated with the direct GaAs bandgap 
with respect to position in the DBR samples will therefore indicate the magnitude 
and homogeneity of the field across the plane of growth. Such PR measurements 
will also confirm the AloGaiAs composition since the bandgap energy of the
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material would be shifted if the material was heavily doped, or if there had been a 
compositional error such as aluminium contamination Lu’ 1991. Due to the indirect 
nature of the bandgap of AlAs and the increased absorption of the GaAs material 
at the AlAs bandgap energy, the same analysis is not possible at the AlAs 
bandgap.
Of perhaps more relevance to this particular study, the PR spectrum also 
contains information concerning the optical phase of the FKOs. This information is 
contained in the Seraphin coefficients and is related to the structure of a multi-layer 
sample such as the partial DBRs. As described briefly in section 2.3, analysis of 
the changes to the Seraphin coefficients, and the phase of the FKOs, can be 
related to changes in the thickness of the sample layers Kallergi’ 1990) Hu9hes< 1995 
Although this approach does not allow absolute thicknesses to be determined, 
models of the theoretical phase changes can be fitted to the measurements to 
obtain changes in the layer thicknesses.
The author did not carry out the PR measurements and the phase analysis 
of the spectra and so the technique adopted is described here only briefly. Further 
information of similar measurements is described by, for example, Hosea Hosea’ 
1995a, Hosea, 1995b M e a s u r e m @ n t s  were made using the Surrey PR apparatus, 
described in section 3.1, with a 3 m W  HeNe laser of wavelength 632.8 nm as the 
pump beam, which was chopped at 477 Hz. The laser beam spot was 
superimposed on the probe beam spot described earlier in the reflectance 
measurements. Spectra were measured along the measurement lines of samples 
B and C (see figure 4.3) at intervals of 0.125 and 0.177 inch respectively. The 
measurements were made over the range of ~ 1.38 eV  to ~ 1.50 eV  to include the 
FKOs associated with the GaAs bandgap at 1.42 eV.
Figure 4.8 shows a series of PR spectra taken along the measurement line 
of sample C as indicated in the inset. The FKOs are clearly of similar magnitude at 
all positions but there is also a clear shift in phase from one edge of the sample to 
the other. The period of the FKOs was used by the author to show that there was a 
homogeneous field of 20 ±  2 kVcm'1 across the sample. An almost equal field was 
determined, from the measurements of sample B, where a similar but smaller 
phase shift was observed across the sample. These fields were calculated, using 
the two simple graphical techniques, J and FJt described in chapters 2 and 5 and 
also in detail by, for example Hu0hes’ 1995.
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E n e r g y  (e V )
F i g u r e  4 . 8  P R  s p e c t r a  o f  w a f e r  C  s h o w i n g  t h e  p h a s e  c h a n g e s  in  t h e  F K O s  a s s o c i a t e d  w i t h  t h e  
G a A s  b a n d g a p  a s  a  f u n c t i o n  o f  p o s i t i o n  a c r o s s  t h e  p l a n e  o f  g r o w t h  o f  t h e  w a f e r .  T h e  a r r o w  
i n d i c a t e s  t h e  e n e r g y  o f  t h e  b a n d g a p .  T h e  i n s e t s  i n d i c a t e  t h e  p o s i t i o n  o f  t h e  m e a s u r e m e n t s  a c r o s s  
t h e  w a f e r  a n d  a l s o  s h o w  t h e  m e a s u r e d  a n d  m o d e l l e d  p h a s e  s h i f t s  in  t h e  F K O s .
The PR phase was determined from the PR spectra at each point across 
the samples using a Kramers-Kronig transformation to derive the imaginary part of 
the signal from the measurement. It is then possible to obtain values for the shift in
• We.in.sibbo f-t'uMTa 6--# bineMea-sareiU C-»
the phase angles relative to the centre of the sample.AThese measured shifts can 
be fitted with modelled values, calculated from the Seraphin coefficients. The 
Seraphin coefficients themselves are determined by numerical differentiation of the 
corresponding R spectrum of the DBR, with respect to the real or imaginary parts 
of the dielectric function of one of the GaAs layers. The AlAs layers have 
importance only in terms of their thicknesses in the modelled structure, because 
they will only be changed weakly at these energies.
For both samples, it was found that the phase shifts for all the GaAs layers 
were similar and could be averaged so that a two-thickness fit could be adopted. 
The average AlAs and GaAs layer thicknesses were varied to fit the measured 
phase changes. The thickness changes themselves were set relative to the values
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determined from the SE fits at the wafer centre. However, the relative thickness 
changes were not found to depend crucially upon the choice of initial thicknesses.
4 .4 .ii High Resolution X-ray Diffraction
F i g u r e  4 . 9  H X R D  
s p e c t r u m  m e a s u r e d  
f r o m  s a m p l e  B  ( f i l l e d  
c i r c i e s )  b y  D r  P .  K i d d ,  
a l s o  s h o w n  is  a  f i t  t o  t h e  
d a t a  ( s o l i d  l i n e )  a s  
d e s c r i b e d  i n  t h e  t e x t .
HXRD is a 
high resolution X-ray 
technique which is 
also non-destructive
Angle (arcsecond) 3nd HOn-COntaCt 3nd
has been used successfully to measure epitaxial layers of a variety of GaAs / AlAs 
heterostructures Wu> 1989, Fewster’ 1" 6. Measurements were made on samples A and B 
at Queen Mary and Westfield College by Dr Kidd, as described briefly in section 
3.4 and in more detail by Few sterFewster’ 1987 Measurements were made on sample 
B at intervals of 4 cm along the measurement line (see figure 4.3) while 
measurements were made on sample A at each of the measurement points
described for the R and SE measurements along the measurement line.
Measurements on sample C were carried out using similar apparatus and
technique at intervals of approximately 6 cm at the National Microelectronics 
Research Centre in Cork by Dr Lambkin.
Figure 4.9 shows a typical HXRD spectrum measured from sample B, with 
the corresponding fit, both made by Dr P. Kidd. A wealth of features can be clearly 
seen. Best fits between the data and simulations were obtained by considering the 
positions and relative intensities of the satellite fringes, as described by Fewster 
Few ster, 1987, Few ster, 1996 for examp|e Although the fitting was only done by eye, good
agreement was achieved between the modelled and measured spectra, as 
demonstrated in figure 4.9. For samples A and B best agreement was obtained for 
each measurement with uncertainties of ± 10 A for each of the GaAs and AlAs
layer thicknesses. For sample C, only the pair layer thickness was determined at
each point with similar uncertainty. It was assumed, in each case, that the layer
thicknesses were the same throughout the stack, so that the model was effectively
a two-thickness fit once again. This subject is discussed further by Thomas ThomaSi 
2000
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4.4.iii Cross-sectional Transm ission Electron Microscopy
TEM measurements are, by the nature of the sample preparation process, 
destructive. They do, however, offer a valuable final comparison for the layer 
thicknesses determined from this and the other techniques. Measurements were 
made at approximately the centre of sample B, and at three positions across 
sample A. Sample A was measured by H. Meidia at Sheffield University. Sample B 
was measured with the help of Dr Bangert at UMIST, using techniques described 
briefly in section 3.4 and Grundy Gmndy’ 1976. Due to the small sizes of the sample 
pieces and the significant effect of oxidation on exposed AlAs there was some 
difficulty in obtaining these measurements.
The TEM measures the thicknesses of ail ten layers in the stack, although 
there was significant uncertainty at the layer interfaces. For sample A, although it 
was possible to determine individual layer thicknesses, it was decided to use the 
individual values to obtain a mean and standard deviation for the GaAs and AlAs 
layer thicknesses. This is equivalent to a two-thickness fit. For sample B, it was not 
possible to discern variations in the individual layer thicknesses, and so this was 
also effectively a two-thickness fit.
akUit\ cartort fi'L fcp/i'ct*. eF
The electron microscopes were both calibrated to within 1 or 2  A, and the
A
thicknesses were determined to be within approximately ±  30 A  for sample B. For 
sample A the uncertainties in layer thicknesses were significantly larger, ±  5 %. 
These results are discussed by Thomas Thomas> 200°. Figure 4.10 shows a typical 
TEM image for sample B. The individual GaAs and AlAs layers are clearly seen in 
each case although the layer interfaces are indistinct. The GaAs layer closest to 
the substrate cannot be identified, as it is effectively the same material as the 
substrate.
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F i g u r e  4 . 1 0  C r o s s - s e c t i o n a l  T E M  
i m a g e  m e a s u r e d  a t  t h e  c e n t r e  o f  
p a r t i a l  D B R  s a m p l e  B  s h o w i n g  t h e  
G a A s  l a y e r s  ( d a r k e r )  a n d  A l A s  
l a y e r s  ( l i g h t e r ) .  T h e  f i g u r e  s h o w s  
t h e  s c a l e  o f  m a g n i f i c a t i o n  a n d  t h e  
a r r o w  i n d i c a t e s  t h e  d i r e c t i o n  o f  
g r o w t h .  T h e  G a A s  l a y e r  c l o s e s t  t o  
t h e  s u b s t r a t e  c a n n o t  b e  d i s c e r n e d  
s e p a r a t e l y  b e c a u s e  t h e y  a r e  
e f f e c t i v e l y  t h e  s a m e  m a t e r i a l .
4 . 5  C o m p a r is o n  o f  R e s u l ts  a n d  T e c h n iq u e s
The results obtained from the various techniques for the changes in layer 
thicknesses along the measurement lines of the partial DBR samples A, B and C 
(see figure 4.3) are shown in Figs 4.11 i, 4.11 ii and 4.11 iii, respectively. Although 
the analyses gave separate GaAs and AlAs thicknesses to a good measure of 
confidence, the results are presented mainly in terms of the GaAs/AIAs pair 
thickness because of the complexity of this information. The results show, in 
general, a consistent trend in the pair thickness variation with position across the 
plane of growth, independent of the experimental technique used. In addition, there 
is a clear deviation from the nominal pair thickness value of 2470 A for all three 
samples.
Table 4.1 also summarises the results from this analysis. The table contains 
values for the pair layer thickness at the centre of all three wafers for each 
technique as well as the number of free parameters in the fits used. The table also 
contains an approximate measure of the gradient of the change in pair layer 
thickness with position along the measurement line for each technique and sample 
(see figure 4.3).
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4.5i R and SE Measurements
Although fits to both two- and ten-thickness models were carried out on the 
R and SE data of all three samples, it has already been noted that for samples A  
and C the two-thickness fits from R and SE were generally acceptable. Therefore 
only the results from those fits are presented. For sample B, the R and SE 
measurements could only be satisfactorily fitted with the ten-thickness model and 
those results are presented. From this it may be concluded that differences 
through the stack in the thickness of the nominally identical layers were greatest in 
sample B, while they were insignificant in the other two samples. In order to 
compare the values for the pair thicknesses from these and the other techniques 
for sample B, the average through the stack of the fitted thicknesses of the GaAs I 
AlAs pairs was taken for the SE and R data. Hence, the vertical error bars in figure
4.11 ii are somewhat larger than for the other samples, reflecting the standard 
errors of the mean of five pair thicknesses.
It is important to note that the R and SE results were fitted successfully with 
a model in which all the individual layer thicknesses were allowed to vary. This 
model was extended in the case of the SE data to allow variations in the layer 
compositions to also be fitted. Even with these relatively complicated models, it 
was possible to fit all the parameters with realistic values. This was accomplished 
by setting limits on the magnitude by which the parameters could vary and also by 
fitting the layers probed at the appropriate wavelengths, based on the penetration 
depths Wool,am-1996
It is also important to note that for the analysis of the R and SE 
measurements, the model could be simplified by making use of the repetitive 
nature of the DBRs whilst maintaining realistic and physically meaningful results. 
This will also be important for the full VCSEL structures studied later in which it is 
impractical to fit over one hundred layers individually. The most satisfying finding 
from considering two- and ten-thickness fitting for these measurements was that 
they showed clearly when one, or the other, model was appropriate. Two-thickness 
fits were used successfully to mode! the results from the majority of the 
measurements from the complementary techniques, as discussed later in this 
section.
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F i g u r e s  4 . 1 1  i, 4 . 1 1  ii a n d  4 . 1 1  i ii  C o m p a r a t i v e  
l a y e r  p a i r  t h i c k n e s s e s  a l o n g  t h e  m e a s u r e m e n t  
l i n e s  o f  t h e  p l a n e  o f  f i g u r e  4 . 3  f o r  e a c h  o f  t h e  
t h r e e  w a f e r s  d e t e r m i n e d  f r o m  a  v a r i e t y  o f  
t e c h n i q u e s .  T h e  f i l l e d  c i r c l e s  i n d i c a t e  S E ,  t h e  
o p e n  c i r c l e s  i n d i c a t e  R ,  t h e  f i l l e d  t r i a n g l e s  
i n d i c a t e  H X R D ,  t h e  o p e n  t r i a n g l e s  i n d i c a t e  P R  
a n d  t h e  f i l l e d  s q u a r e s  w i t h  w h i t e  i n s e r t  i n d i c a t e  
T E M  d a t a  p o i n t s  r e s p e c t i v e l y .  T h e  e r r o r  b a r s  
a r e  s h o w n  o n l y  w h e r e  t h e y  e x c e e d  t h e  s i z e  o f  
t h e  s y m b o l s .  W h e r e  t h e  e r r o r  b a r s  a r e  o f  
c o n s t a n t  m a g n i t u d e  t h e y  a r e  o n l y  s h o w n  f o r  
o n e  r e p r e s e n t a t i v e  p o i n t  f o r  c l a r i t y .  I n s e t s  t o  
t h e  f i g u r e s  f o r  w a f e r s  A  a n d  C  s h o w  t h e  
i n d i v i d u a l  l a y e r  t h i c k n e s s  v a r i a t i o n s .
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If one neglects the results near the wafer edges, where the measurements 
may be less reliable, it is apparent from figures 4.11 i, 4.11 ii and 4.11 iii that the 
variation in pair thickness with position on the wafer is roughly linear over a large 
proportion of each of the wafers. Hence, an indication of the degree of non­
uniformity of the wafers can be obtained from the gradient of a linear regressive fit 
to these data. For sample A  thicknesses were included in the fit for the region x < 
0.5 inch, for sample B, the region y < 0.25 inch was included and for sample C the 
region > -0.75 inch was fitted to obtain the gradient. The results for the gradients of
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fitted pair thickness obtained from various techniques are summarised for each 
sample in table 4.1, together with the pair thickness at the centre of each wafer. In 
the analysis of the R spectra of samples A  and C, the pair thickness has a gradient 
of 59 ±  4 A per cm and 44 ±  3 A  per cm, respectively. In the analysis of the R 
spectra of sample B, although a large variation with position was found for the 
thickness of the GaAs layers, this was counterbalanced somewhat by an opposing 
variation in the corresponding AlAs layers, leading to an overall rather less 
pronounced variation in average pair thickness with a slope of - 34 ± 2 A per cm.
In the analysis of the SE spectra, the fitted pair thicknesses show a similar 
characteristic variation across the plane of growth to that observed from the R 
measurements. The variation is approximately linear, in both the two- and ten- 
thickness fits and is also observed in the insets to figures 4 .1 1i and 4.11 iii which 
show the GaAs and AlAs layer thicknesses across the wafer for samples A and C. 
Note that, in figures 4.11i, 4.11 ii and 4.11 iii, the SE results have larger horizontal 
error bars than those from the R or PR measurements, due to the larger incident 
beam spot on the sample in this case. Sample A had the steepest slope in pair 
thickness of 52 ± 4 A per cm along the measurement line, while in sample C the 
slope is 40 ±  1 A per cm. It is important to note that the SE and R pair thicknesses 
both follow a slope across the plane of growth for sample A, with a shoulder 
towards the positive edge of the wafer. The shoulder is also observed in the 
individual GaAs and AlAs layer thicknesses shown in the insets to figure 4.11i. 
Figure 4.11 ii shows that for sample B, the slope of- 60 ± 4 A  per cm, is greater in 
the SE results than for reflectance.
The agreement between the SE and reflectance results is good, particularly 
for samples A and C. For sample B however, there is a somewhat poorer 
agreement between the SE and R results, especially for y > 0, as shown in figure 
4 .1 1ii. This was not unexpected because it was in this region of the wafer where it 
was found most difficult to fit the experimental measurements from both the R and 
SE techniques. Sample B was fitted using the ten-thickness model and the pair 
thicknesses shown in figure 4.11 ii are averaged through the DBR for both 
techniques. In addition, the shorter wavelengths of the SE spectra than in R mean 
that the probe beam has a shorter average penetration depth in SE than in R. This 
could also account for some of the differences in the results from SE and R for the 
pair thicknesses, because the top layers would receive a relatively larger weighting 
in the SE modelling than in R. Indeed, the top GaAs and AlAs layer thicknesses
determined from the SE fits are consistently smaller than those of the deeper 
layers by approximately 10 %, which appears to support the hypothesis.
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W a f e r T e c h n i q u e P a i r  T h i c k n e s s  a t  
W a f e r  C e n t r e  ( A )
N o .  F i t  
P a r a m e t e r s
A v e r a g e  P a i r  T h i c k n e s s  
V a r i a t i o n  ( A  p e r  c m )
A R 2 8 8 5  ± 4 2 5 9  +  4
S E 2 8 8 3  ±  6 2 5 2  +  4
H X R D 2 8 9 0  +  1 0 2  ( b y  e y e ) 5 7  +  7
T E M - 1 0  ( b y  e y e ) -
B R 2 6 5 1  ± 6 1 0 - 3 4  +  2
S E 2 5 9 0  +  8 1 0 - 6 0  +  4
P R 2 5 9 0  ±  8 2  ( b y  e y e ) - 6 3  +  1 6
H X R D 2 6 2 7  +  5 0 2  ( b y  e y e ) - 5 5  +  5
T E M 2 5 9 6  +  2 7 1 0  ( b y  e y e ) -
C R 2 9 2 8  ±  4 2 4 4  +  3
S E 2 9 0 9  ±  6 2 4 0  +  1
P R 2 9 0 9  ±  6 2  ( b y  e y e ) 4 1  ± 3
H X R D 2 9 1 6  +  1 5 2  ( b y  e y e ) 4 8  +  2
T a b l e  4 . 1  S u m m a r y  o f  t h e  r e s u l t s  f o r  t h e  G a A s  /  A l A s  p a i r  t h i c k n e s s  ( n o m i n a l l y  2 4 7 0  A )  f o r  t h e  
t h r e e  p a r t i a l  D B R  s a m p l e s ,  f r o m  a n a l y s i n g  t h e  R ,  S E ,  P R ,  H X R D  a n d  T E M  m e a s u r e m e n t s  m a d e  
o n  t h e m .  T h e  p a i r  t h i c k n e s s  a t  t h e  c e n t r e  o f  t h e  w a f e r  i s  s h o w n  w h e r e  p o s s i b l e  a s  w e l l  a s  t h e  r a t e  
o f  c h a n g e  o f  a v e r a g e  p a i r  t h i c k n e s s  w i t h  r e s p e c t  t o  p o s i t i o n  o n  t h e  w a f e r ,  a l o n g  t h e  m e a s u r e m e n t  
l i n e s  s h o w n  in  f i g u r e  4 . 3 .  A l s o  s h o w n  is  t h e  n u m b e r  o f  f r e e  p a r a m e t e r s  in  t h e  m o d e l  u s e d  t o  f i t  t o  
t h e  m e a s u r e m e n t s  in  e a c h  c a s e .  F o r  t h e  P R  p h a s e  a n a l y s i s ,  w h i c h  g i v e s  c h a n g e s  b u t  n o t  a b s o l u t e  
t h i c k n e s s ,  t h e  S E  r e s u l t s  w e r e  u s e d  a s  r e f e r e n c e  t h i c k n e s s e s ,  s o  t h a t  t h e  p a i r  t h i c k n e s s  v a l u e s  a t  
t h e  w a f e r  c e n t r e  a r e  t h e  s a m e  f o r  t h e  t w o  t e c h n i q u e s .
The R and SE measurements were made over wavelength ranges that did 
not overlap, and using different experimental apparatus. The measurements were 
made at the same positions on the wafers to within 1 mm reproducibly, although 
the radii of the beam spots were different. Considering that the samples have 
significant variations in growth, the good agreement between the models and the 
results from the two techniques is particularly gratifying. The differences in the 
results of the models are also explained simply. The R measurements are not 
sensitive to the surface oxide layer, which needed to be included in the SE model 
for a satisfactory fit. Similarly, the small numerical factor, included in the R model to
account for normalisation effects, is not necessary for SE because the technique 
measures a ratio and is effectively normalised.
4.5ii Com plem entary Techniques; PR, HXRD and TEM
The two techniques of SE and R are somewhat similar. The complementary 
information provided from the PR, HXRD and TEM measurements possesses 
different attributes associated with the different techniques. For all three 
complementary techniques, the models were fitted by eye to the measurements 
rather than using fitting algorithms as for the analysis of the R and SE 
measurements.
The phase changes in the PR spectra could be adequately described using 
the two-thickness model. These results are given in figures 4.11 ii and 4.11 iii for 
samples B and C, respectively. Note that, the PR analysis provides only thickness 
changes relative to some set of reference thicknesses, which, as shown in figures 
4.10ii and 4.10iii and table 4.1, are those of the SE analysis at the wafer centre. 
Hence, the PR and SE results are coincident at this point, although the relative 
thicknesses obtained from the PR analysis were not strongly dependent upon the 
choice of the centre thickness.
At the positions away from the centre of wafers B and C, the PR results 
agree well with those of the SE for both samples studied, though for sample B the 
agreement is somewhat poorer. Again this discrepancy was probably caused by 
the greater variation in the layer thicknesses through the stack of sample B. Figure
4.11 ii shows that the pair thicknesses obtained for sample B for the PR and SE 
results are consistently lower than those from the R spectra. This similarity could 
again be explained in part by the fact that, since the SE and PR measurements 
were made at energies near and above 1.42 eV, the penetration depth of the probe 
beams would be similar.
The HXRD measurements covered the central inch of sample C and also 
followed the measurement lines of samples A and B. The analysis also used a two- 
thickness model for all three wafers, whose results are given in figures 4.11 i, 4.11 ii 
and 4.11 iii. These agree well with the thicknesses from the other techniques as 
shown in table 4.1 although the error bars associated with the measurements were 
relatively large. The error bars are determined from the uncertainty in the substrate 
offcut angle, or tilt of the layers Chang’ 1984. The results also tend to follow the R, SE
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and PR with respect to position on the wafers. The shoulder in the thickness
changes at approximately x = + 0.5 inch for sample A is reproduced. The values 
for the gradient of the thickness changes are similar. For sample B, which shows 
the greatest disagreement, the result falls between those determined from the R 
and SE, as shown in table 4.1.
The TEM measurements were limited to three positions along the
measurement line of sample A, and the centre of sample B as shown in figures
4.11 i and 4.11 ii respectively. This was due to problems of obtaining
measurements, which were discussed in section 4.4. The thicknesses of all ten 
layers were considered in the TEM measurements and so an average pair 
thickness is presented to compare with the other results. In general it is clear that 
the TEM results agree well with those of the indirect, non-destructive techniques.
For sample A, the measured layer pair thicknesses from TEM were in 
reasonably good agreement with those determined from the non-destructive 
techniques. The variations through the direction of growth for sample A appear to 
be more significant in these measurements, approximately 5 %, but not following 
any clear trend. The error bars shown in figure 4 .11i are based on the standard 
error on the mean calculated for each position, although the uncertainties in the 
measurements were approximately ±  5 % which was significantly greater, these 
are not shown for the sake of clarity. Figure 4.11 i, also shows that the TEM values 
have less variation with thickness across the plane of growth of wafer A although 
this is somewhat tentative as there are results for only three measurements.
Unfortunately there are no TEM data for the centre of sample A for 
comparison with the other results in table 4.1, however the table does show that 
the pair thickness measured for sample B was similar to that determined in the 
other techniques. The expected variations in thicknesses through the stack were 
not identified in this case for sample B however, although the layer interfaces were 
indistinct which made exact measurements of thicknesses difficult.
4.5iii Additional inform ation
In addition to the information already presented, concerning the layer 
thicknesses and uniformity both across and through the plane of growth, the 
various measurement techniques can be used to supply additional structural 
details to characterise the partial DBR samples. The SE measurements indicated
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the presence of a surface GaAs oxide layer approximately 30 A  thick across all 
three wafers. The SE measurements showed no appreciable roughness or 
intersurface mixing between the layers however. Although the layer interfaces are 
indistinct in the TEM measurements there is no evidence that this is because of 
material mixing between the layers.
The SE measurements also indicate the purity of the material in the 
samples, as described in section 4.3, which is particularly clear from the results in 
the region of the Ei and Ei + Ai critical points. The fits to the modelled structures 
for all the indirect techniques are in good agreement and the models were all 
constructed using literature dielectric data for pure materials. The agreement 
between the results from the non-destructive techniques and the TEM is 
particularly important, because the layer thicknesses determined from the TEM are 
not dependent upon the composition of the materials in the structure.
4 . 6  C o n c lu s io n s
This chapter has described the characterisation of three VCSEL partial DBR 
substructure wafers, A, B and C, using four non-destructive techniques, R, PR, SE 
and HXRD and comparing the results from these with TEM  measurements Thomas’ 
2000 The samples were nominally identical, consisting of five and a half pairs of 
alternating GaAs and AlAs layers of nominal thickness 1130A and 1340A, 
respectively. These samples were chosen for study because changes in MOVPE  
growth conditions resulted in significant variations in layer thickness. Except for the 
destructive TEM, all the techniques used in this study were indirect, yielding layer 
thicknesses from fitting the measurements with models based on the nominal 
structure.
4.6i Summ ary of Results
The three samples have all been mapped across the plane of growth at 
quarter inch points by R measurements. The R measurements were fitted with a 
modelled response of the structure, and showed significant non-uniformity between 
wafers and across the plane of growth of each wafer. SE measurements were 
made along the line of greatest variation in each case and PR, HXRD and TEM,
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measurements were made at various points along the same line for different 
wafers.
The analyses showed that all the samples have significant variation in the 
thickness of the GaAs and AlAs layers across the wafers. In all three samples, 
these thicknesses were found to differ from their nominal values by about 10 %, 
with the AlAs layer thicker than nominal by between 100 A and 400 A, and the 
GaAs layer varying from 200 A thinner and 100 A thicker than intended. The pair 
thickness also varied from its nominal value of 2470 A by about 6 %, 7 % and 5 % 
across wafers A, B, and C, respectively. In the growth direction, only sample B had 
significant thickness variations of about 10 %, while those of samples A and C 
were less than 5 %. The accuracy of these findings was confirmed by limited direct 
measurement of the pair thicknesses, using TEM to corroborate the results from 
the other techniques, the agreement being within an average of about 1 % for 
samples A and B.
In general, results for the thicknesses obtained by indirect fitting must be 
treated with due caution, especially if such structures require complicated models 
with large numbers of free parameters VVoollam- 1996. Here, however, the repetitive 
nature of the DBR stacks meant that the modelling could be simplified so that only 
two or three variable parameters were needed to obtain acceptable fits in most 
cases. The thickness of the GaAs and AlAs layers could generally be obtained 
separately to good degree of confidence. The results from the SE and reflectance 
spectra are most encouraging in this respect.
In one sample, B, it was not possible to fit the measured SE and R spectra 
satisfactorily with the simpler repetitive model, and it was necessary to allow 
nominally identical layers in the model to have slightly different thicknesses. The 
fact that both techniques required this indicates that sample B must indeed have 
greater non-uniformity through the stack than the other two samples. However, the 
SE and reflectance analyses did not agree in detail on the amount of this non­
uniformity. Limited TEM measurements made at one point on sample B appeared 
to indicate that these thickness variations were less significant, but the layer 
interfaces were less distinct which made exact thicknesses difficult to determine.
4.6ii Evaluation of the Characterisation Techniques
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The usefulness of the non-destructive techniques for wafer characterising
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during production, either alone or in conjunction with each other, has been made 
clear, particularly because of the problems encountered in making the destructive 
TEM measurements. In addition, the possibility of obtaining accurate and physically 
meaningful information from simplified modelling has also been demonstrated. In 
this initial study, considerable time and effort were spent in measuring and 
analysing the experimental data. However, by developing the techniques and 
interpretation methods it may well be possible to simplify the process of 
characterisation and even automate such procedures making them suitable for 
routine in-situ, real time growth monitoring and feedback.
HXRD has nob b-s.e.t'v u.i<£c( (a bbi’i due to the difficulty of performing these 
measurements in-situ. The potential of reflectance spectroscopy for such 
structures is clear, in that the R spectrum of a DBR contains sufficient detail and 
structure to enable accurate information about layer thicknesses to be obtained. 
Although it is essential to measure absolute values of R over a suitably wide 
wavelength range, characterisation of entire VCSEL structures has been 
demonstrated here and by, for example Klar K,ar’ 1998a. A limited SE technique, 
which relies on measuring and A at only a few wavelengths at short time 
intervals during MBE growth, is already being developed for evaluation of lll-V  
semiconductor structures MaracaSi 1992. This technique has already been used as an 
alternative to reflection high-energy electron diffraction, to study the growth of 
simple Bragg stacks Maracas- 1993t Heranger, Although a complete VCSEL can 
consist of 100 or more layers, and be several jum thick, it should be possible to use 
the SE technique at particular single wavelengths to characterise each successive 
layer as it is grown, possiblg using the virtual interface technique AspneSt 1995.
PR measurements have also shown potential in some in-situ device growth 
and fabrication monitoring Poliak’ 1993a’ Pol,ak’ 1993b. Here, we have shown that 
undesirable thickness variations across the wafer produce pronounced and 
obvious phase changes in the measured PR spectrum. Unlike R spectroscopy, the 
PR technique does not require absolute measurements of intensity. Furthermore, 
PR spectra need not span as wide a wavelength range as R, since suitable PR 
signals can be obtained in the neighbourhood of the critical points of the material 
components. In its simplest form, this technique could be used merely as a 
sensitive, though qualitative, measure of uniformity in thickness and possibly alloy 
composition, but we have also shown that it can give quantitative information about 
the size of the thickness changes.
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4.6iii Extension to Characterisation of VCSELs
In general, it has been demonstrated that the optical characterisation 
techniques, discussed in this and the preceding chapters, can provide valuable 
and comprehensive information about highly complicated structures such as 
VCSELs. In fact, the optical interference effects that arise from the multi-layer 
structure create a greater sensitivity of R and SE measurements to the layers and 
this sensitivity will extend to full VCSEL structures. The following chapter develops 
the relatively new technique of photomodulated spectroscopic eiiipsometry (PSE) 
including a comparison with PR in the characterisation of simple and complicated 
structures. Chapters 6 and 7 present a comprehensive study of VCSEL structures
designed to operate between wavelengths of 650 nm and 1 pm using R and PR
•e
techniques as well as further complimentary measurements.
A
5. Photomodulated Spectroscopic Eiiipsometry 80
5 .  P h o t o m o d u l a t e d  S p e c t r o s c o p i c  
E i i i p s o m e t r y  o f  B u l k .  M u l t i - l a y e r  a n d  Q u a n t u m  
C o n f i n e d  S e m i c o n d u c t o r  S t r u c t u r e s
5 .1  In tr o d u c t io n
Spectroscopic eiiipsometry (SE) is a non-destructive optical measurement 
technique that is highly useful for characterising semiconductor materials and 
structures Plckering-1994. As discussed in chapters 2 and 3, SE is particularly sensitive 
to thin layers and surface quality. However, SE is relatively insensitive to the 
properties of quantum-confined layers or bandstructure in multi-layer structures. It 
is also not possible to use SE to study the internal fields or electrical properties of 
semiconductors.
The previous chapters have described how modulated spectroscopy; 
photomodulated reflectance (PR) in this case, is particularly suitable for 
characterising the bandstructure and internal electric fields of semiconductor 
materials. PR is also a non-destructive optical technique, in which the modulation 
of the bandstructure of semiconductors, by an electric field, allows access to the 
additional information using phase-sensitive-detection Pollak’ 1993c.1 PR can also be 
used to determine structural information such as quantum well and barrier 
compositions; however, in determining layer thicknesses PR is limited to the 
evaluation of interference fringes, which may be observed in measurements from 
multi-layer structures Kaller91’ 199°. The useful application of SE and PR individually 
has already been demonstrated in the previous chapter in the characterisation of 
multi-layer DBR stacks Thomas-2009
Photomodulated spectroscopic eiiipsometry (PSE4) appears to offer 
advantages from both techniques and can also be described by similar theories 
and methods to those, which are applied to PR. The process of photo-excitation of 
carriers to modify the internal field of a semiconductor is described in section 2.3. 
The changes in the electric field will have a direct effect on the bandstructure of the 
semiconductor, which will translate to modifications of the dielectric function of
*  P S E  h a s  a l s o  b e e n  r e f e r r e d  t o  a s  p h o t o m o d u l a t e d  e i i i p s o m e t r y  ( P E ) Xlon9,1993.
material, similar to those which give rise to the technique of electrorefiectance (ER) 
described in section 2.3.
SE measures the dielectric function of a material and this means that, 
similarly to PR, the changes in the bandstructure, due to the modulation effect of a 
laser beam, can be observed as changes in the sample’s measured optical 
response. For a single bulk material, the PSE measurements will yield the changes 
in the real and imaginary parts of the material dielectric function. Section 2.3 also 
describes how the modulation of the dielectric function, Asi and As2, relate* to 
measured PR changes in the reflectance, AR, of a sample by an approximate 
equation Seraphln' 1972:
AR
—— = (x(£l,s2)Asl + P(s^,£/)A£2 (2.6),
R
where a  and (3 are the Seraphin equations. This means that, in general, PR and 
PSE features may have a different shape. For bulk samples however, the Seraphin 
coefficients are slowly varying in energy and may not significantly change the 
lineshape of the PR features Seraphin’ 1972
For a multi-layer sample, the PSE measurements reveal the changes to the 
pseudo or sum dielectric function of the total structure. This information will then 
require some processing to reveal the effects of modulation on individual layers. 
However, ER measurements and theoretical calculations have shown that a 
sample will not exhibit strong spectral features away from the critical point energies 
in its bandstructure Seraphin> 1972- Pollak- 1993a. This can often mean for a multi-layer 
sample that, away from the critical points of any of its composite materials, PR and 
PSE measurements will not normally show strong features.
PR measurements from multi-layer structures have also exhibited 
interference features, which are related to the Seraphin coefficients and the 
modulation of the entire structure rather than the modulation of a particular layer 
Kaiiergi, 1990 A particularly strong example of this is seen in the PR measurements of 
a VCSEL structure, Klar’ 1998, which will be discussed in the following two chapters. It 
may be expected that these ‘structural’ based features will also be observed in the 
mocIMuM pseudo-dielectric function measured by PSE, which may complicate the 
interpretation of the spectra. However these ‘structural’ based features will only be 
significant if the optical thickness of the layers is similar to the wavelength of the 
probe beam.
This chapter represents a more in-depth study of the PSE technique and
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contains measurements from both simple bulk and complicated multi-layer samples 
constructed from a variety of lll-V materials. The results demonstrate that PSE 
offers a great opportunity for the characterisation of semiconductor bandstructures 
and quantum confined material. Coupled with the advantages of SE for the 
structural study of layer thicknesses and materials, the combined techniques 
provide a powerful tool to add to the variety available to satisfy the increasing 
demands of semiconductor characterisation.
BA i A Brief Review  of PSE
PSE is a relatively new technique that has not yet been widely exploited for 
semiconductor characterisation because of the present established application of 
PR, as well as the practical limitations of PSE, which will be discussed later in this 
section. In contrast, SE is a widely used technique for studying thin films Woollam>1996 
and multi-layer structures Plckenng- 1994. it is also the method of choice for material 
characterisation and standard measurements of dielectric constants Herzinger> 1995. 
PR is also a widely exploited technique for semiconductor characterisation Po!lak’ 
1993a and the advantages of the technique for characterisation for improved device 
production have been demonstrated Pollak*1993b.
Buckman et al Buckman>1968 used modulation eiiipsometry in 1968 to study the 
effects of an electric field on the dielectric functions of Au and Ag, but the approach 
was not widely taken up. In 1993 Bellani et al Bellani’ 1993, described how PR and SE  
techniques could be used together for a comprehensive study of the structure and 
electronic properties of complicated multi-quantum well (MQW ) samples. The 
modern importance of SE, and the similarities between R and SE techniques, led 
quickly to the idea of photomodulated SE, the results of which were first presented 
by Xiong et al x,ong’ 1993 in 1993. They used PSE in the DC mode, as described in 
section 3.2, to determine the surface Fermi level in GaAs. Xiong et al also 
demonstrated observation of the Franz-Keldysh (FK) effect, which, as discussed in 
section 2.3 for ER, can allow determination of critical point energies and quantum 
well transition energies.
In 1995, Vanderhaghen et al Vanderhaghen>1995 USed a chopped laser beam to 
carry out AC mode PSE measurements on a GaAs sample. They obtained clear 
Franz-Keldysh oscillations (FKOs) associated with the bandgap and determined 
the internal field strength in GaAs. In 1998, Carline et al Carl,ne' 1908 made DC mode
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PSE measurements to determine the internal field strength in GaAs, by direct 
scaling at the Ei and Ei + Ai critical points, as well as studying the FKOs 
associated with the E0. Carline also studied compositions in SiGe materials and 
made some comparisons between PR and PSE.
These early measurements confirm that PSE can be used in a manner 
similar to PR to study a variety of bandstructure and electrical properties in 
semiconductors. Part of the work by Carline et al Carline’ 1998 was carried out by the 
author and will be reproduced in section 5.2. It will be used as part of a more 
comprehensive review of PSE, for a variety of samples, and will include a 
comparison with results from AC and DC mode PR measurements. One of the 
most important points that will be studied is the issue of the pseudo-dielectric 
function, and how the modulation of a single layer in a multi-layer sample translates 
to the observed PSE spectrum.
5.1 ii Practical Considerations For PSE Measurements
The Woollam apparatus, used for these PSE measurements, included a 
sealed electronics package. It was not possible, therefore, to use the same lock-in 
amplification technology that was applied to PR measurements. As a result, the 
measurements were carried out in DC mode, as described previously in section 
3.2. The resulting signal to noise ratio was correspondingly lower, typically only 
one tenth of that of a similar PR measurement. The PSE measurements also 
possess a lower spectral resolution than that of the PR (typically -  2 nm rather 
than 1 nm for PR) because of the wider slit widths required to achieve a 
satisfactory signal to noise ratio in the PSE. In addition, it is required that the PSE 
measurement be carried out twice, once with laser illumination and once without. 
This, combined with the increased integration times required to achieve a 
satisfactory signal to noise ratio for these measurements, increases the time of a 
typical PSE scan to up to five times that of a similar PR measurement. As 
discussed previously in section 3.2, however, the instrumental drift was found to be 
insignificant over these extended time periods.
In contrast, however, the lack of lock-in amplification removes the large 
laser offset from PSE measurements, which means that the measurements can be 
made without a filter to remove the lasing wavelength from the measured spectrum 
and a wider wavelength range can be considered. In addition, the SE technique is,
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by definition, normalised from instrumental effects being a ratio of P and S 
polarised light. Whilst both PR and PSE techniques are also by definition 
normalised, reflectance measurements are not and the normalisation must be 
carried out using measurements with a known standard.
The following section presents PSE and comparative PR measurements 
from a bulk GaAs sample. FKOs associated with the E0 are studied and the PSE  
measurements are also extended to higher energy critical points. The 
measurements are used to determine values of internal electric field strength and 
critical point energies. The results are also used to consider similarities and 
differences between PR and PSE. Measurements of multi-layer samples including 
GaAs and InP are also discussed in section 5.3 particularly in terms of FKOs 
associated with the bandgap. In all cases, only one material was considered and 
the features from these were found to be well separated from those associated 
with any other materials.
Section 5.4 is a discussion of PSE measurements made on multi-quantum 
well structures including (AI.3Ga.7).5ln 5P /  GalnP materials. Here, the relatively 
broad features observed, associated with the wells in SE spectra, are 
demonstrated to be considerably sharper and easier to identify in the PSE spectra. 
FKOs associated with the barrier materials are studied and the ground state 
quantum well transitions are also fitted. These results are also presented with 
those made from comparative AC mode PR measurements, where the established 
theory for their analysis can be used to make the investigation clearer.
Section 5.5 concludes this chapter with a summary concerning the 
application of the PSE technique for optical characterisation of the structures 
studied here, and a variety of other materials. The comparison between PR and 
PSE is also summarised. The section also provides a link to chapters 6 and 7 
where the optical characterisation and physics of VCSEL structures are considered 
in greater depth, including some SE and PSE measurements which provide 
valuable characterisation of the complicated systems.
5 .2  P S E  a n d  P R  S t u d ie s  o f  B u lk  G a A s  M a te r ia l
This section describes PSE and PR measurements that have been carried 
out on bulk GaAs Carline’ 1998. Although R and SE measurements in the region of the 
bandgap of a semiconductor show only a weak feature, modulated spectroscopic
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measurements normally reveal a complicated and extended FKO feature, in the 
intermediate field regime Aspnes’ 1972a. The period of the FKOs can be analysed to 
determine a maximum value of the internal electric field of the sample, as 
described in section 2.3. The FKOs can also provide values for the bandgap 
energy and phase of the critical point, related to its dimensionality Aspnes’ 1972b. 
Furthermore, the modulus of the FKOs can also provide a peak at the approximate 
energy of the bandgap, as well as indicating critical points close in energy, which 
may have an effect on the FKO feature Hal1,1996c.
GaAs is a widely used and well-documented material in optoelectronics and 
therefore an ideal sample for this study , 199°. There are a relatively wide
variety of sources of material. More importantly, the critical points of the 
bandstructure are well known and characterised as well as their sensitivity to, for 
example, doping Sei1,1974, Sel1,1975, and temperature Yao’ 1991. The first sample studied 
was a nominally undoped bulk GaAs piece supplied from C.U.N.Y. Carl,ne’ 1998. The 
sample was chosen because it exhibits strong FKO features in PR measurements, 
made in the region of the bandgap of energy 1.423 eV.
5.2i PSE and PR Measurements of FKOs at Eo
DC mode PSE and AC mode PR measurements were made using the 
standard apparatus with an angle of incidence of 70° for the probe beam. The 
modulation was provided using a HeNe laser, operating at 632.8 nm and 
approximately 3 mW. The electric field of the sample was found to be relatively 
uniform, with respect to position, across the plane of growth. This is particularly 
important in the case of PSE where there is a large spot of several mm on the 
sample from the probe beam. Although the PSE measurements had a poorer 
spectral resolution than the PR, it was sufficient to clearly resolve the features.
Figure 5.1 shows the clear oscillatory FKO features associated with the 
GaAs bandgap measured by PSE and AC mode PR. The FKOs in the PSE Asi 
and As2 and the PR spectra show differences in magnitude, phase and period. The 
FKOs observed in the changes of the real and imaginary dielectric function are of 
approximately the same magnitude and period, but about n!2 out of phase. In 
contrast, the FKOs in the PR spectrum are approximately in phase with those in
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Asi but they have a considerably improved signal to noise ratio and can be 
observed to higher energies than those in the PSE.
Energy (eV)
F i g u r e  5 . 1  C o m p a r a t i v e  A C  m o d e  P R  a n d  
P S E  A<s1> a n d  A<e2> s p e c t r a  m e a s u r e d  
f r o m  t h e  C U N Y  b u l k  G a A s  s a m p l e  s h o w i n g  
t h e  F K O s  a s s o c i a t e d  w i t h  t h e  G a A s  
b a n d g a p .  T h e  l i t e r a t u r e  v a l u e s  o f  t h e  
b a n d g a p  e n e r g y  a n d  E 0 +  A0 c r i t i c a l  p o i n t  is  
i n d i c a t e d  in  t h e  f i g u r e .  T h e  s o l i d  l i n e  
i n d i c a t e s  t h e  m e a s u r e d  r e a l  P R  s p e c t r u m ,  
t h e  d o t t e d  l i n e  i n d i c a t e s  t h e  c a l c u l a t e d  
i m a g i n a r y  p a r t .
Energy (eV)
F i g u r e  5 . 2  M o d u l u s  s p e c t r a  o f  t h e  A C  m o d e  
P R  a n d  P S E  A<8]> a n d  A<s2> m e a s u r e m e n t s  
f r o m  t h e  C U N Y  b u l k  G a A s  s a m p l e  s h o w i n g  
f e a t u r e s  a s s o c i a t e d  w i t h  t h e  G a A s  E 0  a n d  E 0 
+ A0 c r i t i c a l  p o i n t s .  T h e  l i t e r a t u r e  v a l u e s  o f  
t h e  c r i t i c a l  p o i n t s  a r e  i n d i c a t e d  in  t h e  f i g u r e .
Figure 5.2 shows the modulus of each spectrum, which is determined from 
the real and imaginary parts of the modulated signal by the simple equation Hosea’
1994.
Modulus = VRe2+ Im 2 (5.1).
In this instance, the PSE modulus is determined using equation 5.1 and the 
measured Asi and Ae2 components. However, the PR modulus must be
constructed using the measured real part and the imaginary part calculated using a 
Kramers-Kronig transformation. Each modulus spectrum shows clear features 
associated with the GaAs bandgap, and the PR also shows a weaker feature 
corresponding to the spin-split off critical point E0 + A 0 . In the PR and PSE spectra, 
the energy of the largest peak is in good agreement with the literature value of the 
GaAs bandgap, shown in the figure. For a more thorough analysis it is necessary 
to consider the FKOs however.
It can be clearly seen that the FKOs associated with the GaAs bandgap 
measured by PSE and ACPR are of different period. Using the J and Fj graphical 
techniques, discussed in section 2.3, the internal electric field of the sample was 
found to be about 146 ±  10 kVcm'1 and 100 ± 4 kVcm'1 from the PSE and PR 
measurements respectively, as shown in table 5.1. The J analysis determined the 
bandgap energy to be 1.414 ±  0.004 eV, 1.377 ±  0.012 eV and 1.423 ± 0.004 eV  
from the PSE A s i ,  A s 2 , and PR measurements respectively. The Fj analysis 
determined the phase of the critical point to be 0.62tc ±  0.07tc, 1.08tc ±  0.25tt and 
0.53tc ± 0.2571 from the PSE A e - i ,  A e 2 , and PR measurements respectively.
The Fj and J plots for the PR and PSE data are shown in figure 5.3. For the 
Fj analysis, the bandgap was set as 1.423 eV Hughes-1995f and for the J analysis, the 
phase was set as nl2  Hughes> 1995. in both cases; the effective reduced mass was 
assumed to be 0.055 me for the internal field strength calculations, assuming the 
dominant transition to be e1hh1 at the bandgap. This choice will be discussed later 
in this section. The discrepancy in the FKO period (which translates to the 
discrepancy in internal field strength) between the PR and PSE measurements is 
both significantly larger than the limit of the experimental resolution and 
reproducible.
The PSE spectra in figure 5.1 show the FKOs in both A s i  and A e 2  and 
although the features are of similar magnitude, there is a clear phase difference of 
approximately n/2  between the peaks and troughs in the oscillations. Aei is almost 
in phase with the PR, which explains the approximate agreement in the phase 
determined from the J plots between the two while there is a discrepancy between 
these and the result from the A s 2  analysis. This phase difference, between the 
oscillations in A s i  and A e 2 , also leads to the disagreement in the determination of 
the bandgap energy of GaAs from the A s i  and A s 2  results, this means that the 
simple relationship can not be used for the A e 2  analysis.
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1 2 3 4 5 6 7 8
F i g u r e  5 . 3  F j  a n d  J  p l o t s  b a s e d  o n  t h e  F K O s  
m e a s u r e d  in  t h e  A C P R  a n d  P S E  A < e i >  a n d  
A < 8 2>  f r o m  t h e  C U N Y  b u l k  G a A s  s a m p l e .  T h e  
f i l l e d  s q u a r e s  i n d i c a t e  t h e  A C  m o d e  P R  
e x t r e m a  d a t a  p o i n t s ,  t h e  f i l l e d  c i r c l e s  
c o r r e s p o n d  t o  t h e  A < e i >  d a t a  p o i n t s ,  t h e  o p e n  
c i r c l e s  c o r r e s p o n d  t o  t h e  A < e 2>  a n d  t h e  l i n e s  
r e p r e s e n t  l i n e a r  f i t s  t o  t h e  d a t a  c a l c u l a t e d  
u s i n g  a  l e a s t - s q u a r e s  m e t h o d .
The tt/2 phase difference 
between the oscillations in Asi and As2 
is in agreement with results observed 
by others Va"de* aghen- io *  The phase 
difference also follows directly from the 
Kramers-Kronig relationship between 
the real and imaginary parts of the dielectric function. This is demonstrated in 
figure 5.1 where the solid line indicates the measured real part of the PR signal 
and the dotted line indicates the imaginary part calculated using a Kramers-Kronig 
transformation. The characteristic of phase in FKOs is more complicated, however, 
and has also been shown to be dependent on various aspects of the material and, 
or, structure in PR studies. Phase is discussed further in connection with FKOs 
measured from the following samples.
C U N Y  
G a A s  E 0
J P I o t
F i e l d  F  ( K V  c m ' 1) 0  ( tc)
F j  P l o t
F i e l d  ( K V  c m ' 1) E 0 ( e V )
P R 1 0 1  ± 4 0 . 5 3  +  0 . 0 5 9 9  +  4 1 . 4 2 3  ± 0 . 0 0 4
P S E  A e i 1 4 4  +  4 0 . 6 2  +  0 . 0 7 1 4 7  ± 6 1 . 4 1 4  ± 0 . 0 0 4
P S E  A e 2 1 3 4  +  1 0 1 . 0 8  +  0 . 2 5 1 5 6  +  1 5 1 . 3 7 7  ± 0 . 0 1 2
P R  ( A i r y ) E 0  =  1 . 4 2  +  0 . 0 1  e V F =  1 0 0  +  1 K V c m ' 1 H e a v y  h o l e  
F =  1 3 4  ±  1 K V c m ' 1 L i g h t  h o l e
E - i,  E 1+ A 1 D i r e c t  S c a l i n g  M e t h o d
P S E  A s i > E i  = 2 . 9 0  +  0 . 0 3  e V } F  =  2 5 0  ± 2 0  K V c m ' 1
P S E  A e 2 } E ,  + A ,  =  3 . 1 4  +  0 . 0 3  e V  i
Table 5.1 Summary of the results from Fj and J analysis of FKOs measured by AC mode PR and
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P S E  A < S i >  a n d  A < e 2 >  f r o m  t h e  C U N Y  b u l k  G a A s  s a m p l e  i n d i c a t i n g  t h e  d e t e r m i n e d  i n t e r n a l  f i e l d ,  
b a n d g a p  e n e r g y  a n d  p h a s e .  T h e  f i e l d  a n d  e n e r g i e s  o f  t h e  E t  a n d  +  A t  c r i t i c a l  p o i n t s  a r e  a l s o  
i n c l u d e d  f r o m  a  d i r e c t  s c a l i n g  o f  t h e  P S E  A < s i >  a n d  A < s 2 >  m e a s u r e d  f r o m  t h e  s a m p l e .
The discrepancy in determination of the internal electric field, caused by the 
difference in FKO periods measured by the two techniques, has not been 
discussed before. Carline et al Carline’ 1998 advised that a difference in modulation 
beam intensity could cause varying degrees of photovoltaic damping of the internal 
field in the PR and PSE, and might explain the different results. No proof for this, 
or any other, source of the discrepancy has been determined however, and in most 
aspects the experimental processes and apparatus are equivalent. This 
phenomenon is investigated further later in this section, including PR 
measurements of the FKOs as a function of laser beam modulation intensity.
The FKOs in the PR spectra were investigated in more detail using the 
fitting algorithms developed at Surrey Hosea’ 1 and a series of Airy-based functions 
Haii, 1996c, Haii, 1 9 9 7  |njtja j|y? the simplest conditions assumed in the earlier discussion 
were used, where only the transition from the electron band to the heavy hole band 
is included. The model was developed to include a contribution from the transition 
to the light hole with a second Airy-based function. In addition, to allow for a non­
ideal results, terms were included to allow energy dependent broadening of the 
oscillators and a varying background signal.
F i g u r e  5 . 4  A C  m o d e  P R  s p e c t r a  o f  
C U N Y  G a A s  s a m p l e  a s s o c i a t e d  
w i t h  t h e  E 0 b a n d g a p ,  t h e  d a t a  is  
s h o w n  a s  f i l l e d  c i r c l e s  a n d  a  f i t  
b a s e d  o n  t w o  A i r y  f u n c t i o n s  is  
s h o w n  a s  t h e  s o l i d  l i n e .  T h e  G a A s  
b a n d g a p  a n d  o s c i l l a t o r  p a r a m e t e r s  
a r e  i d e n t i f i e d  in  t h e  f i g u r e .
Figure 5.4 shows the 
best result to the fitting of the 
FKOs, as well as listing the 
« 1.3 14 1.5 1.6 1.7 parameters of the model,
Bag•/(<*/)
which shows a definite mix of 
light and heavy hole contributions. There are still discrepancies at higher energies
in the final fit, which may be due to the effect of the spin orbit splitting. The values 
for the internal electric field determined for the oscillators in the fit, were 
approximately 100 kVcm'1 and the bandgap energy was determined to be 
approximately 1.42 ±  0.01 eV in both cases. This is in good agreement with the 
results from the Fj and J analysis of the PR data described above. The larger 
amplitude of the heavy-hole oscillator indicates that the transition between the 
electron and heavy hole bands is the dominant contribution at the bandgap which 
indicates that the choice of reduced mass for the simple J and Fj analysis was 
suitable.
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5.2ii Direct Scaling of The PSE at Ei and Ei +AEi
Above the filter cut off energy for the PR measurement, the PSE spectrum 
in figure 5.5 also shows the twin critical point features of Ei and Ei +AEi at -2 .9 5  
eV and -3 .1 5  eV  respectively. Unlike the E0 critical point in GaAs, which lies in the 
intermediate field regime of ER modulation and is therefore associated with strong 
FKOs, the Ei and Ei + A^  double critical points reside in the weak field regime 
because of the higher energy and larger collisional broadening associated with 
these transitions. This offers advantages to the PSE technique, assuming that for 
this sample the measured pseudo dielectric function is sufficiently similar to the 
dielectric function of the pure GaAs. If this holds true, then the low field situation 
can be interpreted using Aspnes’ third differential functional form (TDFF) as 
described in section 2.3.
Furthermore, in the weak field regime, numerical differentiation of the 
measured dielectric function of GaAs allows the electric field strength to be 
calculated by direct scaling. Figure 5.5 shows the measured Asi and As2 and
d/'s, . d3s,— f  and — -idE3 dE3calculated f . The fit can be seen to be satisfactory and the
f a 2F 2fi2 ^
multiplying factor can be equated as - --------- where q, the charge and p, the
V 8 ju J
reduced effective mass of the electron (0.29 me) and light hole (0.08 me) are known, 
so that the internal electric field F can be determined Carline’ 1998.
The value for the field determined from the measurements made in this way 
is about 250 kVcm"1 and is also presented in table 5.1. This is significantly higher
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than those values determined by analysis of the FKOs measured at the GaAs 
bandgap, by either PR or PSE, but the possible error range associated with the 
direct scaling method is larger, particularly as the number of data points in the 
spectra are so few. Further, Carline et al Carline’ 1998 reduced the value to 230 kVcm"1 
by considering the difference in linewidth of the measured and calculated 
lineshapes and using the ratio of the two oscillator amplitudes.
Energy [eVl Energy leV)
F i g u r e  5 . 5  P S E  A < s i >  a n d  A < s 2 >  s p e c t r a  m e a s u r e d  f r o m  t h e  E i  a n d  E i  +  A i  c r i t i c a l  p o i n t s  o f  t h e  
C U N Y  b u l k  G a A s  s a m p l e  s h o w n  a s  i o i . < l  l i n e s .  A l s o  s h o w n  a s J U L e J I  l i n e s  a r e  t h e  f i t s  t o  t h e  
o s c i l l a t o r y  f e a t u r e s  Carline’ 1998 f r o m  s c a l e d  n u m e r i c a l  d i f f e r e n t i a t i o n  o f  t h e  d i e l e c t r i c  f u n c t i o n .  T h e  
f i g u r e  s h o w s  t h e  e n e r g i e s  o f  t h e  t w o  c r i t i c a l  p o i n t s  a n d  t h e  s c a l i n g  n u m b e r  c o r r e s p o n d i n g  t o  t h e  f i t .
One possible reason for the discrepancy between the directly scaled field 
values and the ones determined from the FKO analysis will be the difference 
between the modulated changes in the dielectric function of GaAs and those of the 
pseudo dielectric function, measured from the sample. The real sample will 
possess a surface oxide and some degree of surface roughness. However, 
modelling of changes in the observed A < e >  as a result of an additional oxide layer 
w o o iia m , 1996 a p p e a r s  indicate that surface effects would actually act to reduce the 
magnitude of features in the PSE spectra, presumably due to absorption in the 
oxide layer. Any such reduction in the spectral features will in fact act to reduce the 
value of the field determined from this method.
5.2iii Investigation of the Observed Discrepancies in Internal Electric Field 
Strengths Determined From PSE and PR Measurements
It was originally considered that the discrepancy observed between the
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fields determined from the FKOs, measured by the two techniques of PSE and PR, 
might have been due to differences in laser power used in each case. The 
possibility of photo-voltaic damping of the internal field of the material at higher 
laser powers, suggested by Carline et al Cari,ne' 1998 was disproved at least for laser 
powers of the scale of the experiment. FKOs were measured with AC mode PR 
using neutral density filters to modulate the C.U.N.Y GaAs sample with a HeNe 
laser operating at 632.8 nm with power ranging from 3 m W  to 3p.W. In this 
experiment, as with others in the past, the periods of the FKOs were not seen to 
vary although the amplitude of the extrema were seen to decrease approximately 
logarithmically with the reduction of laser power, as shown in figure 5.6i.
Eh»gy(e\j) Enagy(oV)
F i g u r e s  5 . 6 i  a n d  5 . 6 i i  F K O  s p e c t r a  m e a s u r e d  w i t h  A C  m o d e  P R  f r o m  t h e  C U N Y  b u l k  G a A s  s a m p l e  
w i t h  r e s p e c t  t o  v a r y i n g  l a s e r  p o w e r  a n d  m o d u l a t i n g  f r e q u e n c y  r e s p e c t i v e l y .  T h e  c o l o u r s  a n d  l i n e s  
r e p r e s e n t  d i f f e r e n t  l a s e r  p o w e r s  a n d  m o d u l a t i o n  f r e q u e n c i e s .
Another possible explanation for the difference in internal fields measured, 
in the two techniques was the difference in modulating frequency. Measurements 
of the FKOs from the C.U.N.Y. GaAs sample were made using AC mode PR with 
the HeNe laser operating at 632.8 nm and 3 mW. The laser beam was chopped at 
progressively slower rates, from 333 Hz to 5 Hz, and the spectra are presented in 
figure 5.6ii. Once again, there is no visible variation in the period of the FKOs. 
However, it must be noted that it wasn’t possible to explore the frequencies from 5 
Hz down to DC mode with the available apparatus. This is also in agreement with 
previous studies, which indicate that the modulation frequency is significantly less 
than the frequency of the carrier excitation processes w'sht’ 199°.
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The factor of resolution difference between the AC and DC mode 
techniques is insufficient to explain the discrepancy in the observed FKO periods. 
The signal to noise ratio in the DC measurements is sufficient to avoid ambiguity in 
the extrema energies of a scale which would account for the differences in FKO 
period encountered between the PR and PSE techniques. The discrepancy will be 
discussed further in the following sections.
5.2iv Section Summary
The results from this section have demonstrated that PSE measurements 
can be used to characterise materials. The results can be used to determine 
critical point energies and internal fields and also give an indication of, for example, 
compositions and doping. Furthermore, this section has shown that more 
complicated analysis of FKOs using Airy functions can show a good agreement 
with the more simple approaches of J and Fj plots. Section 5.2 has also 
demonstrated that PSE results can be comparable to those from PR and that the 
lower signal to noise ratio associated with PSE does not prevent useful analysis, in 
fact, the DC technique and the A e  lineshapes inherent to PSE can offer significant 
advantages.
Although the results from this section have been interpreted using the 
established methods for PR, for the main part, there have been some slight 
differences between the results obtained from the PSE and PR techniques. There 
is no clear explanation why the FKO periods measured for GaAs from PSE and PR 
are different, certainly there is no significant difference between the FKOs 
measured from the other samples, made using equivalent techniques and 
apparatus. It remains clear, however, that PSE can provide a useful alternative 
technique for the characterisation of bulk samples. The following sections describe 
the extension of PSE to the study of multi-layer and quantum well material.
5 .3  P S E  o f  M u lt i - la y e r  S a m p le s
This section describes PSE and comparative PR measurements made on 
multi-layer samples and the interpretation of information from the pseudo-dielectric 
function. The effects of varying layer thicknesses on the phase of FKOs measured
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in a multi-layered sample are considered. Features associated with different layers 
in structures are also studied and lineshapes are identified. The discrepancy in 
FKOs measured from PR and PSE is also investigated further with the different 
samples.
Energy (eV)
F i g u r e  5 . 7  C o m p a r a t i v e  A C  m o d e  P R ,  D C  
m o d e  P R  a n d  P S E  A < e i >  a n d  A < e 2>  s p e c t r a  
m e a s u r e d  f r o m  t h e  m u l t i - l a y e r  D B R  G a A s  /  
A l A s  s a m p l e  B  s h o w i n g  t h e  F K O s  a s s o c i a t e d  
w i t h  t h e  G a A s  b a n d g a p .  A l s o  s h o w n  is  t h e  
A R  d e t e r m i n e d  f r o m  t h e  P S E  m e a s u r e m e n t s .  
T h e  l i t e r a t u r e  v a l u e  o f  t h e  b a n d g a p  e n e r g y  is  
i n d i c a t e d  in  t h e  f i g u r e .
F i g u r e  5 . 8  P S E  A < 8 i >  a n d  A < e 2>  s p e c t r a  
m e a s u r e d  f r o m  t h e  m u l t i - l a y e r  D B R  G a A s / / ] ( A s  
s a m p l e  B  s h o w i n g  t h e  F K O s  a s s o c i a t e d  w i t h  
t h e  G a A s  b a n d g a p  a s  a  f u n c t i o n  o f  p o s i t i o n  
a c r o s s  t h e  p l a n e  o f  g r o w t h  o f  t h e  w a f e r .  T h e  
s o l i d  l i n e s  a n d  d o t t e d  l i n e s  i n d i c a t e  
m e a s u r e m e n t s  f r o m  t h e  e d g e s  o f  t h e  w a f e r  
a n d  t h e  d a s h e d  l i n e s  i n d i c a t e  m e a s u r e m e n t s  
f r o m  t h e  w a f e r  c e n t r e .
5.3i PSE and PR Measurements of The FKOs at The GaAs E0 of Partial GaAs / 
AlAs DBR Sample
The second sample was also chosen for strong FKOs features associated 
with the GaAs bandgap. It was a GaAs /  AlAs partial DBR stack of five and a half 
layer pair repeats, described in chapter 4 as sample B. The PSE measurements 
also showed a very much weaker feature associated with the AlAs Eq. Possibly
5. Photomodulated Spectroscopic Ellipsometry 95
due to the GaAs oxide associated with this sample, the GaAs Ei, Ei + Ai critical 
point features were not observed. Because it is an indirect bandgap and is topped 
with absorbing GaAs, the AlAs bandgap feature observed in the PSE 
measurements is weaker than the GaAs one and therefore the former is not 
discussed here. The angle of incidence of the probe and pump beam were 70° and 
the modulating laser was a HeNe operating at 632.8 nm and approximately 3 mW  
in all three measurements.
Figure 5.7 shows the various measured spectra near the GaAs bandgap for 
this sample. As observed with the first sample of GaAs material, the FKO periods 
observed were different for AC mode PR and PSE measurements leading to 
different internal fields being calculated from them using Fj and J, analysis. The 
values from the respective techniques are summarised in table 5.2. Once again, 
the PSE value of about 41 ± 10 kVcm"1 is significantly larger than the ACPR value 
of approximately 26 + 2 kVcm"1. The Fj analysis assumes a phase of n!2 and the J 
analysis assumes a bandgap energy of 1.423 eV for GaAs Eo once again. Table
5.2 also contains bandgap energies and phases that are determined from the 
analysis, these were found to be in approximate agreement with known values and 
those determined from the C.U.N.Y. sample described previously. DC mode PR 
measurements were also made from this sample, and the FKOs in the AR 
measured, and also calculated from the PSE measurement, are shown in figure 
5.7. The results appear to agree much better with each other as well as with the 
other PSE measurements, in terms of period and phase. The internal field 
strength, determined from DC mode PR, was approximately 29 + 4 kVcm'1.
D B R  G a A s  
E o
J P I o t
F i e l d  F  ( K V c m ' 1) 0 ( 7 C )
F J  P l o t
F i e l d  F  ( K V c m ' 1) E o  ( e V )
P R 2 6 . 0  ±  1 0 . 6 4  +  0 . 1 3 2 6 . 4  +  2 1 . 4 2 0  +  0 . 0 0 3
D C P R 2 7 . 9  +  2 0 . 6 8  ±  0 . 2 3 1 . 2  +  3 1 . 4 1 5  +  0 . 0 0 4
P S E  A e i 3 8 . 0  +  4 0 . 4 7  +  0 . 1 5 3 6 . 1  ± 6 1 . 4 2 6  +  0 . 0 0 6
P S E  A s 2 3 9 . 7  +  2 1 . 0 2  +  0 . 1 5 4 9 . 0  +  2 1 . 4 0 1  + 0 . 0 0 2
T a b l e  5 . 2  R e s u l t s  f r o m  F j  a n d  J  a n a l y s i s  o f  F K O s  m e a s u r e d  b y  A C  m o d e  P R ,  D C  m o d e  P R  a n d  
P S E  A < s i >  a n d  A < e 2>  f r o m  t h e  m u l t i - l a y e r  D B R  G a A s  s a m p l e  B  i n d i c a t i n g  t h e  d e t e r m i n e d  i n t e r n a l  
f i e l d ,  b a n d g a p  e n e r g y  a n d  p h a s e .
Once again the FKOs in Asi and Ae2 of the PSE measurements were
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separated in phase by about rc/2 and the phase of Asi is in approximate agreement 
with the oscillations observed in both the AC and DC mode PR. The DC mode PR 
shows FKOs of similar signal to noise ratio, as well as a closer period to those 
measured in the PSE. There remains a clear discrepancy between the FKO 
periods measured in the AC mode PR and DC mode PSE techniques however.
5.3ii Phase Variations in The FKOs Across The Non-uniform  DBR W afer
In chapter 4, it was shown that the changing thickness of the layers, with 
position, across the plane of growth resulted in a corresponding change in the 
phase of the FKOs, measured by PR. Measurements across the plane of growth 
that were made using PSE, shown in figure 5.8 for Aei and As2, did not show any 
phase difference. Furthermore, the scale of the phase differences observed in PR 
would appear to indicate that they should be visible in the PSE spectra if they are 
present. The failure to observe the phase changes may be because the PSE 
represents the pseudo-dielectric response of the entire structure. There are also 
clear differences in the signal to noise ratio of the FKOs measured by PSE, at 
different positions across the plane of growth. The differences in signal strength 
are, presumably, due to the surface quality of the sample (oxide and roughness). It 
was also found that the quality of the SE measurements, and possible fits, showed 
a similar variation with position on these samples. In contrast, the PR spectra did 
not show significant variation in signal to noise ratio across the plane of growth. 
Importantly, this indicates a difference in the proportionality of signal strength 
between PR and PSE measurements that has not been observed in the samples 
studied previously.
5.3iii1nP Materials
InP is also a widely used material in the optoelectronic industry. The four 
samples studied in this section were multi-layered structures with AlxGai_xAs 
quantum wells of varying composition and InP substrates and barriers, but the 
energy transitions of the wells were well separated from the bandgap energy of the 
InP. The structures are reported by Hall Hal1,1996c. The FKOs associated with the 
InP bandgap are clear in both PR and PSE measurements. Figure 5.9 shows AC  
mode PR and corresponding PSE spectra for MOQT1444, similar results were
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observed from the other three samples, although the FKOs in sample 1442 
possessed an insufficient signal to noise ratio for analysis in PR or PSE spectra.
F i g u r e  5 . 9  C o m p a r a t i v e  A C  m o d e  P R  a n d  P S E  
A < 8 i >  a n d  A < e 2>  s p e c t r a  m e a s u r e d  f r o m  t h e  m u l t i ­
l a y e r  I n P  M O Q T 1 4 4 4  s a m p l e  s h o w i n g  t h e  
d i f f e r e n t  s i g n a l  t o  n o i s e  r a t i o s  o f  t h e  F K O s  
a s s o c i a t e d  w i t h  t h e  I n P  E 0 a n d  E 0  +  A 0 c r i t i c a l  
p o i n t s .  T h e  l i t e r a t u r e  v a l u e s  o f  t h e  b a n d g a p  a n d  
s p i n  s p l i t - o f f  e n e r g i e s  a r e  i n d i c a t e d  in  t h e  f i g u r e .
The measurements were all made 
at 70° and using the 632.8 nm, 3 mW  
HeNe laser as the modulation source. The 
AC mode PR measurements were made 
using the Si detector and required only a 
125 iso 135 i.4o 145 i.5o 1.65 160 short scan of about 15 minutes to obtain a
Energy (eV)
satisfactory signal to noise ratio. The PSE 
measurements were particularly difficult to obtain an acceptable signal to noise 
ratio, by comparison. Each measurement involved 640 revolutions of the polariser 
at each wavelength that was sampled, and the total duration of the experiment was 
therefore about eight hours. The slit widths of the SE apparatus were considerably 
larger and the resolution was correspondingly lower, although the features were 
clearly observed. Uniformity of the period and phase of the oscillations throughout 
the plane of growth of the samples were apparently good, however.
It is clear in figure 5.9 that the signal to noise ratio is significantly stronger in 
A < s i >  than in A < S 2 > .  Even with the long integration time, to increase the signal to 
noise, only approximately five or six of the extrema in the oscillations can be seen 
with any reliability in the PSE A < s i >  spectra. Detailed analysis of these samples by 
HaU Haii, 1996c, Haii, 1997 f0uncj that the relatively dose proximity of the spin orbit split
off transition, Eo +  A 0 ,  at 1.472 eV  to the bandgap at 1.349 eV and the strength of 
this secondary critical point, leads to an interaction between the associated 
features. This makes interpreting the FKOs associated with the bandgap more 
complicated, while the lower signal to noise ratio for the oscillations associated with 
the higher energy critical point makes their analysis impossible. Importantly; the 
few oscillations available for the bandgap show a much better agreement in FKO
22$io
i  s
tu ^
4  <
period between the PSE A < s i>  the AC mode PR ones than was observed with the 
GaAs material, as summarised in table 5.3.
Not'® * L H  x k o u jd  b e  i a  io v u e r  C4-S6'
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M O Q T  I n P  
- E o
J  P l o t
F i e l d  F  ( K V c m ' 1) 0  ( i t )
F J  P l o t
F i e l d  F  ( K V  c m ' 1) E 0 ( e V )
1 4 4 3  P R 5 3  ±  4  h h 0 . 8 5  +  0 . 2 5 8  +  7  H H 1 . 3 3 6  +  0 . 0 0 6
4 1  ± 3  Ih 4 4  +  5  L H
P S E  A e i 5 4  ±  4  h h 0 . 5 7  +  0 . 2 5 4  ±  6  H H 1 . 3 4 7  +  0 . 0 0 4
4 1  ± 3  Ih 4 1  +  5  L H
1 4 4 4  P R 6 0  ±  1 h h 0 . 5 4  ±  0 . 0 6 6 2 + 3  H H 1 . 3 4 6  +  0 . 0 0 2
4 6  ±  1 Ih 4 8  +  2  L  H
P S E  A jm 5 3  ±  3  h h 1 . 0 3  +  0 . 1 6 7  ±  3  H H 1 . 3 2 3  +  0 . 0 0 2  |
4 1  ± 2  Ih 5 1  + 1  L H
1 4 4 5  P R 5 0  ±  4  h h 1 . 2 3  +  0 . 2 6 3  +  3  H H 1 . 3 1 8  +  0 . 0 0 4
3 8  ±  3  Ih 4 8  +  4  L H
P S E  A s i 6 1  ±  2  h h 0 . 8 4  +  0 . 1 6 9  +  2  H H 1 . 3 3 2  +  0 . 0 0 2
4 6  ±  1 Ih 5 3  +  2  L H
T a b l e  5 . 3  R e s u l t s  f r o m  F j  a n d  J  a n a l y s i s  o f  F K O s  m e a s u r e d  b y  A C  m o d e  P R  a n d  P S E  A < 8 ! >  f r o m  
t h e  m u l t i - l a y e r  I n P  M O Q T 1 4 4 3 ,  1 4 4 4  a n d  1 4 4 5  s a m p l e s  i n d i c a t i n g  t h e  i n t e r n a !  f i e l d  d e t e r m i n e d  
u s i n g  t h e  l i g h t  h o l e  Ih  a n d  h e a v y  h o l e  h h  m a s s e s ,  a s  w e l l  a s  t h e  b a n d g a p  e n e r g y  E 0 a n d  p h a s e  0 .
Simple Fj and J analysis of the oscillations, using established material 
values Hal1,1996c, gives values of the internal electric field varying between technique 
and sample but with values of approximately 60 ± 10 kVcm'1, as summarised in 
table 5.3. Since it wasn’t clear which valance band contribution is dominant, the 
field strengths are calculated using both the light and heavy hole masses in the 
table, the true values for the field strength probably lie somewhere between the 
two values. The Fj analysis assumed a phase of tc/2 and the J analysis assumed 
the bandgap energy to be the literature value of 1.349 eV. Table 5.3 shows 
significant variation in the values of bandgap energy and phase between the 
results and from the predicted values, which perhaps indicates a greater 
uncertainty in the allocation of extrema energies from these samples.
The lower signal to noise ratio of 1442 prevented an analysis of this sample 
but the results from the remaining three samples are interesting. Firstly it should be 
noted that the bulk features of FKO lineshape and zero background are observed
from  th e s e  s am p le s  d es p ite  th e ir co m p lica ted  m ulti-layer s tructure . T h is  is as  
e x p e c te d  b e c a u s e  th e  P S E , like E R  s p e c tra  a re  e xp ec ted  to  s h o w  strong fe a tu re s  
only a sso c ia ted  w ith  th e  critical points in th e  b an d stru c tu re  o f th e  m ateria ls  
involved . F u rth e rm o re , th e  d iffe re n c es  b e tw e e n  th e  results  from  th e  tw o  tech n iq u es  
a re  s ignificantly  s m a lle r an d  a lso  th e  v a lu e  from  P S E  is not a lw a ys  th e  larger, as  
w a s  o b served  fo r th e  G a A s  sam p le s . T h e re  is good a g re e m e n t, esp ec ia lly  
considering  th e  uncerta in ty  in a llocating  e x tre m a  to e a c h  se t o f F K O s . T h e  
d iffe ren ces  in th e  results  from  th e  th re e  s am p le s  a re  o f th e  s a m e  m ag n itu d e  a s  
b e tw e e n  th e  tw o  tech n iq u es . S in c e  th e  e xp erim e n ta l conditions an d  critical points  
w e re  s im ilar, b e tw e e n  th e  In P  and  G a A s  m eas u rem e n ts , th e re  is no obvious  
exp lan atio n  for th e  b e tte r a g re e m e n t b e tw e e n  th e  P R  an d  P S E  F K O  periods.
T h e  d iffe re n c e  in th e  P S E  s p e ctra  fo r A < s i>  and  A <s2> is som eth in g  th a t  
h as  not b een  e n c o u n te red  before , by e ith e r this a u th o r o r o thers . A lthough  it h as  
b ee n  o b served  th a t th e  A <e2>  spectru m  can  s h o w  p h a s e  d iffe re n c es  an d  e v e n  
so m e  a lte rn a tiv e  lin esh ap e  to  th a t o f th e  A < s i> , but not o f this s ca le . It is b e lieved  
th a t this c a s e  is not sim ply a  m a tte r o f th e  s ignal to no ise  ratio, s ince  th e re  w e re  
good signal to n o ise  ratios o b se rve d  in both W and  A . T h e  m e a s u re m e n ts  w e re  
m a d e  n e a r th e  B rew ste r a n g le  fo r th e  m ate ria l to  o p tim ise  th e  s ignal to  no ise  a n d  it 
is th e re fo re  not b e lieved  th a t e xp erim e n ta l conditions c au se d  th e  p o o rer s ignal 
strength  o b se rve d  in A < s 2> - In add ition , it w a s  o b served  previous ly  th a t a n y  
reduction  in th e  s ignal to n o ise  ratio  o f th e  m easu red  d a ta  is usually  a p p a re n t in 
both th e  A < e i>  an d  A <e2> sp ectra . T h is  w a s  show n, fo r e x a m p le , in th e  sp ectra  
m e as u red  acro ss  th e  p la n e  o f g row th  o f th e  D B R  s a m p le  B. Finally; th e  K ram ers -  
Kronig tran sfo rm atio n  o f th e  real part o f th e  P R  lin esh ap e  d o e s  not s h o w  an y  
correspond ing  reduction  in th e  m ag n itu d e  o f th e  im ag inary  part e ither.
5 .3 iv  S u m m a ry  o f  P S E  o f  M u lt i - la y e r  S a m p le s
A lthough  th e  S E  an d  R  s p e c tra  o f th e  m u lti-layer s a m p le s  stud ied  in this  
section  sho w ed  s ignificant in te rfe ren c e  fe a tu re s , th e re  a re  no s igns o f ass o c ia te d  
fe a tu re s  in th e  p h o to m o d u ia ted  sp e ctra . F K O  fea tu re s  a ss o c ia te d  w ith  particu la r  
layers  in th e  s tructures  h a v e  b ee n  identified  and  c h a ra c te rise d  using th e  s a m e  
ana lys is  a s  fo r bulk m ateria ls . A ltho u g h  th e re  a re  no fe a tu re s  ass o c ia te d  w ith  m o re  
th an  o n e  m ateria l co inc id en t in th e  e n e rg y  ra n g e  studied, th e  c lo se  proxim ity o f th e
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E 0 an d  E 0+  A0 critical points in th e  In P  s a m p le s  h av e  d em o n s tra ted  th e  o ve rla p  o f  
tw o  fe a tu re s  in m o d u la ted  sp ectra . In this  c a s e  th e  an a lys is  o f th e  Eo F K O s  w a s  
still possib le  and  w ith  an  im p ro ved  signal strength , such as  in th e  P R  
m e as u rem e n ts , th e  w e a k e r  F K O s  a s s o c ia te d  w ith  th e  E 0+ A 0 could a lso  b e  
a n a ly se d  Hal1,1996c. In th e  fo llow ing section , m u lti-layer q u an tu m  w e ll s tructures  a re  
stud ied  including F K O s  from  th e  b arrie r m ateria l and  exc ito n ic  fe a tu re s  ass o c ia te d  
w ith  th e  q u an tu m  con fin ed  layers .
5.4 PSE of Quantum Well Structures
Q u a n tu m  w e lls  a re  n o w  an  im p o rtan t part o f th e  s tru c tu re  o f a  ra n g e  o f  
sem ico n d u c to r d ev ic es  Kel,y’ 1995. S E  is re la tive ly  in sen s itive  to  q u an tu m -co n fin ed  
m ate ria ls  b e c a u s e  o f th e  thin layers  an d  th e re fo re  sm all proportion o f m ateria l 
invo lved  Woollam’ 1996. p r  is o ften  u sed  to c h a ra c te rise  sem ic o n d u c to r q u an tu m  w ell 
m ateria l b e c a u s e  o f its sensitiv ity  to b an d stru c tu re  critical po ints and  e lec trica l 
p ro p erties  Glembockl’ 1992) an d  P S E  should  o ffe r s im ilar a d v a n ta g e s . H o w ev er, P S E  
investigation  o f q u an tu m  w ell s am p le s  h as  previously  b ee n  v e ry  lim ited. T h is  
section  e xp lo res  q u an tu m -c o n fin e d  m ate ria l using P S E , an d  a lso  o ffers  fu rth e r  
e x a m p le s  o f P S E  s tud ies  o f m u lti-laye r structures. T h e  first tw o  s am p le s  s tud ied  
consis ted  o f e d g e -e m itte r  la s e r d es ig n s  w ith  e q u iv a len t s tru c tu res  to  th e  a c tiv e  
reg ions  o f s o m e  o f th e  V C S E L s  s tud ied  la te r and  d escrib ed  in ta b le  7 .1 . T h e  
s am p le s  w e re  g row n by E P I a s  p art o f th e  bright red V C S E L  (B R E D S E L ) Woodhead- 
1996 p ro ject to  d ev e lo p  lase rs  to  o p e ra te  a t red w a v e le n g th s . T h e  s am p le s  4 3 0 4  
an d  5 3 0 4  w e re  nom inally  identical an d  th e  a c tiv e  region con s is ted  o f fou r 4 5  A  
ln.5G a .5P q u an tu m  w e lls  w ith  5 0  A  b arriers  consisting o f (A U G a jX s ln .s P .
5 .4 i P S E  a n d  P R  M e a s u r e m e n ts  o f  T h e  F K O s  a t  T h e  (A I.3G a j) .s ln .5P Eo
T h is  q u a te rn a ry  m ateria l is a n  e ssen tia l part o f v is ib le  w a v e le n g th  
o p to e lec tro n ic  d ev ic es , including th e  B R E D S E L  s tructures, s tud ied  during th is  
thes is . Less  is know n a b o u t th e  characteris tics  o f th e  m ateria l, w h ich  m e a n t th a t  
th e  m ateria l p a ra m e te rs  fo r th e  red u ced  m a ss  and  b an d g ap  w e re  ta k e n  from  only  
tw o  re fe re n c e s  Kat0’ 1994, Moser’ 1994 an d  requ ired  theo re tica l ca lcu la tio n s  to  m a k e  up  
fo r th e  m in im al e xp erim e n ta l results  a v a ila b le . In this c a s e , tw o  s am p le s  w e re
e x a m in e d . P S E  m e a s u re m e n ts  w e re  m a d e  on both s am p le s  a t 7 0 °  an d  using  
in tegration  tim es  o f a p p ro x im a te ly  1 hour. T h e  m odulating  la se r used  w a s  th e  
H e N e  o p era tin g  a t 6 3 2 .8  nm  and  3  m W . A C  m o d e  P R  m e a s u re m e n ts  w e re  m a d e  
on th e  s am p les  using th e  H e N e  la s e r o p era tin g  a t 5 4 3 .2  nm  and  1 .8  m W  for  
m odulation  an d  w ith  a  p ro b e  b e a m  inc iden t a t 70°. F ig u re  5 .1 0  sh o w s  th e  S E  'P  
an d  A C  m o d e  P R  and  P S E  As2 s p e c tra  m e as u red  from  4 3 0 4 p The m o d u la ted  
s p e c tra  s h o w  th e  F K O s  and  ground s ta te  trans itions  a s s o c ia te d  w ith th e  bulk  
b arrie r an d  q u an tu m  w ell m ateria l resp ective ly . S im ilar s p e c tra  w e re  o b ta in ed  fo r  
5 3 0 4 . T h e  Asi P S E  sp ectru m  o f 4 3 0 4  sh o w ed  s im ilar fe a tu re s  and  m ag n itu d es  
Cs th o s e  o b se rve d  in th e  As2, w ith  th e  e x p e c te d  -  %I2 p h as e  d iffe re n c e  in th e  F K O s  
a n d  q u an tu m  w ell oscilla tors  an d  is not rep ro du ced  here.
Figure 5.10 SE XP, PSE A<s2> and AC mode PR 
spectra measured from edge-emitter sample 
4304 showing the features associated with the 
ground states of the quantum wells and FKOs 
associated with the bandgap of the barrier 
material. The energies of the key features are 
identified in the figure.
T h e  S E  s p e ctra  a re  d o m in ated  by  
in te rfe ren ce  fe a tu re s  w h ich  could be  
m o d elled  to d e te rm in e  s o m e  structura l 
in form ation , but th e  m odel w ou ld  not be  
v e ry  sen s itive  to  th e  q u an tu m  confined  
layers. T h e  m o d u la ted  s p e ctra  s h o w  
Energy (eV) c le a r  fe a tu re s  a s s o c ia te d  w ith  th e
q u an tu m  w e lls  h o w ev e r, a s  w e ll a s  s ev era l oscillations o f th e  F K O s  w ith  good  
signal to no ise  ratios in e a c h  c a s e . T h e  a p p ro x im ate  b an d g ap  an d  q u an tu m  w ell 
ground  s ta te  e n e rg ie s  a re  a lso  m a rk e d  on th e  figures. T h e  slit w id ths  for th e  P R  
m e a s u re m e n ts  w e re  in c reased  to  1 m m  to  im p ro ve  th e  s ignal to  n o ise  ratio  but th e  
re la tive ly  la rg e  spectra l w id th s  o f th e  fe a tu re s  m e an t th e  re d u c ed  resolution in th e  
P R  an d  P S E  w a s  not im portan t in this  c as e .
T h e  F K O s  e x tre m a  w e re  identified , by e y e  o n c e  ag a in , a n d  F j an d  J plots  
w e re  constructed  fo r e a c h  m e a s u re m e n t on both s am p les . T h e  results  s h o w  a  
re as o n a b le  a g re e m e n t b e tw e e n  th e  fie ld  s trengths  both b e tw e en  th e  m e a s u re m e n t
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tec h n iq u e s  and  th e  s am p les . T h e  in ternal field  strength  is ap p ro x im a te ly  7 5  ±  15  
k V c m '1 an d  th e  e n e rg y  o f th e  b a n d g a p  is a p p ro x im ate ly  2 .0 5  e V , w h ich  is c lo se  to  
th e  lite ra tu re  v a lu e . T h e  d iffe re n c es  b e tw e e n  th e  resu lts  from  th e  d iffe ren t s am p le s  
a re  a s  la rg e  a s  th e  d iffe re n c es  b e tw e e n  th e  results  from  th e  d iffe ren t tech n iq u es . 
T h e  ra n g e  in th e  resu lts  p robab ly  in d icates  th e  tru e  m e a s u re  o f th e  u ncerta in ty  
in h eren t in this tec h n iq u e  fo r d e te rm in in g  in ternal e lec tric  fields.
T h e  s p ectra  m e as u red  from  th e s e  (A I.3G a .7).5ln 5P e d g e -e m itte r  s am p le s  
s h o w  th a t th e  P S E  tec h n iq u e  can  p ro v ide  results  w ith  a  good s ignal to n o ise  ratio  
in D C  m ode, providing th a t th e  s a m p le s  a re  o f suffic ient quality . T h e s e  p articu la r  
s am p le s  d e m o n s tra te  fe a tu re s  a s s o c ia te d  w ith  th e  both b u lk -like  b arrie r m ateria l 
an d  q u an tu m  w e ll layers , an d  w h ile  th e  la tte r a re  norm ally  w e a k e r  th e y  can  still be  
clearly  identified . T h e  n ecess ity  o f using a  s h o rte r w a v e le n g th  laser, w ith  a  red u ced  
stability  re la tive  to  th e  H e N e  norm ally  app lied  for m odu lation , fo r th e  P R  
m e a s u re m e n ts  resu lted  in a  lo w er s ignal to  no ise  ratio  re la tive  to th e  
m e a s u re m e n ts  p reviously  d iscu ssed . T h e  lack  o f a  n ecess ity  fo r th e  a lte rn a tiv e  
la se r in th e  P S E  m e a s u re m e n ts  is a lso  an  e x a m p le  o f th e  p rob lem s tha t can  be  
o v e rc o m e  by using a  D C  tech n iq u e .
5 .4 i i  P S E  a n d  P R  m e a s u re m e n ts  o f  th e  Q u a n tu m  W e ll  G ro u n d  S ta te  
T r a n s it io n s
P S E  m e a s u re m e n ts  w e re  m a d e  a t a  7 0 °  an g le  o f in c id en ce  an d  using 3 2 0  
p o lariser revo lu tions  p er m e a s u re d  w a v e le n g th  to  obta in  satis facto ry  s ignal to  
noise  ratios. T h e  m odulation  w a s  p rovided  w ith  a  H e N e  la s e r o p e ra te d  a t 6 3 2 .8  nm  
an d  3 m W . O n c e  ag a in , th e  re la tive ly  poor spectra l reso lu tion  o f th e  P S E  
a p p a ra tu s  w a s  not s ign ificant in com pariso n  w ith  th e  fe a tu re s  u n d er study. F ig u res
5 .1 1 i an d  5 . 1 1  ii s h o w  th e  A <s2> s p e c tra  m e as u red  from  both o f th e  s am p les . T h e  
s p e ctra  s h o w  fe a tu re s  a s s o c ia te d  w ith  th e  e 1 h h 1 an d  e 1 lh 1 q u an tu m  w ell g round  
s ta te  transitions. A C  m o d e  P R  m e a s u re m e n ts  w e re  a lso  m a d e  on both th e  
sam p le s  a t a  7 0 °  a n g le  o f in c id en ce  an d  w ith  a  H e N e  la s e r o p era tin g  a t 5 4 3 .2  nm  
and  1 .8  m W , th e  s p e c tra  m e a s u re d  from  4 3 0 4  and  5 3 0 4  a re  a ls o  show n in figures
5 .11  i and  5 .11  ii respective ly .
A s  e x p e c te d  fo r a  m u lti-layered  sam p le , th e  S E  W an d  A  s p e c tra  o f th e  
e d g e -e m itte r  s am p le s  a re  d o m in ated  w ith  in te rfe ren ce  oscillations both a b o v e  and  
b e lo w  th e  b an d g ap  o f th e  b arrie r m ateria l. T h is  is d em o n s tra ted  in fig u re  5 .1 0 ,
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w hich  sho w s a  T  spectru m  m e a s u re d  from  4 3 0 4 . A ltho u g h  th e  m u lti-layer e ffec ts  
resu lt in com plica ted  fe a tu re s , th e re  a re  no hints o f fe a tu re s  a ss o c ia te d  w ith  e ith e r  
th e  b an d g ap  o r th e  q u an tu m  w ell trans ition  en erg ies . In c o n tras t th e  P S E  A<S2>  
s pectru m  sh o w s  th e  re la tive ly  s h arp  but e x te n d e d  fe a tu re s  ass o c ia te d  w ith  th e  
b arrie r an d  th e  q u an tu m  w ell g round  s ta tes  a g a in s t a  re la tive ly  uniform  
b ackground .
Energy (eV) Energy (eV)
Figures 5.11 i and 5.11 i Comparative AC mode PR and PSE A<e2> spectra measured from the 
edge-emitter laser structure samples 4304 and 5304 respectiveiy. Features associated with the 
e1hh1 and e1lh1 ground state transitions of the QWs are clearly visible. Data points are shown as 
filled circles and fits to these transitions, based on TDFFs, are shown as solid lines.
T h e  b arrie rs  b e tw e en  th e  q u an tu m  w e lls  a re  re la tive ly  thin  in th e s e  s am p le s  
an d  so coupling b e tw e en  th e m  is e x p e c te d  to b e  s ignificant. T h is  can  p erh a p s  b e  
s ee n  in th e  b ro ad en in g  o f th e  oscillatory  fea tu re s  o f th e  q u an tu m  w ell g round  
s ta tes , a lthough  non-un iform ity  in th e  g row th  o f th e  w e lls  could  a lso  c a u s e  a  
bro ad en in g  in th e  ass o c ia te d  fea tu re s . T h e  e x ten d ed  fe a tu re s  a re  o b se rve d  in th e  
s p e c tra  from  both m o d u la ted  tec h n iq u e s  and  th e  PL, m e as u red  a t E p itax ia l 
P roducts  In tern a tion a l (E P I), from  th e s e  s am p le s  is a lso  o b se rve d  to  b e  b ro ad e r  
th an  w ould  be e x p e c te d  fo r a  s ing le  w e ll Hosea’ 1999 C a lcu la te d  transition  e n e rg ie s  
fo r th e  ground s ta te , d e te rm in ed  using th e  q u a tas p  a lgorithm  Sllver’ \  a re  show n fo r
4 3 0 4  in fig u re  5 .1 0  and  a g re e  w ell w ith  th e  positions o f th e  o b se rve d  fea tu re s . T h e  
m odelling  o f th e  w e lls  re v e a le d  th a t th e  e 1 h h 1 and  e 1 lh 1 e n e rg y  trans itions  a re  
v ery  c lo se  in energ y . T h is  will a lso  b e  part o f th e  sou rce  o f th e  sp ectra l e x te n t o f  
th e  fe a tu re s  an d  will in c rea se  th e  co m plex ity  involved  in th e ir ana lys is .
It is difficult to  d e te rm in e  th e  p aram e te rs  o f a  q u an tu m  w ell from  such  
sp e c tra  b e c a u s e  only th e  tw o  ground  s ta te  e n e rg y  trans itions  a re  confined  in th e  
w ell. T h e  ground s ta te  lin e sh a p es  w e re  fitted, h o w ever, using A s p n e s  th ird - 
d ifferentia l functional form  (T D F F )  app ro x im ation , o n e  fo r th e  e1lh1  and  o n e  fo r th e  
e1h h 1  transitions. T h e  fitting w a s  d o n e  using s ig m a-p lo t s o ftw are  spss’ 1997 fo r both  
p arts  o f th e  m o d u la ted  d ie lec tric  function  from  th e  P S E  as  w ell a s  fo r th e  A C P R  
sp ectra . T h e  d a ta  an d  fits to  th e  Q W  s p e c tra  fo r A<si> an d  th e  P R  a re  show n in 
fig u res  5 .1 1i and  5 .11  ii fo r s am p le s  4 3 0 4  an d  5 3 0 4  respective ly .
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Sample / 
Transition
Measurement Transition 
Energy (eV) 
± 0.005
Spectral Width 
(meV)
±0.005
Amplitude 
+ 0.000025 (PR) 
± 0.005 (PSE)
Phase
± tc/8
4304 PR 1.855 0.00175 0.000175 13tc/8
e1hh1 PSE Aei 1.865 0.02 0.06 Tt
PSE As2 1.86 0.025 0.08 Tt
e1lh1 PR 1.925 0.025 0.0001 -3tc/8
PSE As-, 1.925 0.02 0.06 n/2
PSE Ae2 1.93 0.02 0.04 Tt
5304 PR 1.92 0.01 0.0002 7n/Q
e1hh1 PSE A e i 1.9125 0.02 0.225 7%I4
PSE Ae2 1.915 0.0175 0.225 7nl4
e1lh1 PR 1.965 0.02 0.000075 5tt/8
PSE Ast 1.955 0.03 0.15 -T t/2
PSE As2 1.965 0.03 0.15 -6tc/4
Table 5.4 Table of the fit parameters to e1hh1 and e1lh1 transitions measured by AC mode PR 
and PSE A<Si> and A<e2> from (AI.3Ga.7).5ln5P 4304 and 5304 quantum well samples.
T h e  fits to th e  P S E  an d  P R  q u an tu m  w ell s p ectra  c an  b e  s ee n  to  c o m p a re  
re la tive ly  w ell w ith  th e  d a ta , particu larly  b e c a u s e  th e  s p e c tra  will a lso  h a v e  b ee n  
m odified  by th e  e ffec ts  o f coupling  an d  non-un iform ity  in th e  w e lls  a s  w ell as  th e  
F K O  fe a tu re s  a t h ig h er e n e rg ie s . T h e s e  e ffec ts  could not b e  inc luded in th e  m odel.
5. Photomoduiated Spectroscopic Eilipsometry 105
T h e  e n e rg ie s  o f th e  w ell g round s ta te  trans itions  found from  fitting a re  su m m arised  
in tab le  5 .4 , an d  a lso  a g re e  w e ll w ith  th e  theo re tica l v a lu e s  an d  th o se  from  P L  
m e a s u re m e n ts  m a d e  a t E P L  T h e  results  a re  a lso  in re la tive ly  good a g re e m e n t  
b e tw e e n  th e  tw o  tech n iq u es . T h is  in form ation  is useful fo r ch aracteris ing  th e  
structures, w h ich  s ee m  c lo se  to  th e ir nom inal design , an d  a lso  predicting  em iss ion  
w a v e le n g th s  fo r d ev ic es  fab ric a te d  from  this m ateria l. T a b le  5 .4  a lso  su m m arise s  
th e  b ro ad en in g , p h as e  and  am p litu d e  o f th e  oscillators  in th e  fits and  th e s e  all 
sh o w  physically  re a s o n a b le  results.
T h e  d iffe ren ces  b e tw e e n  th e  fe a tu re s  a sso c ia ted  w ith  th e  q u an tu m  w ell, 
o b se rve d  in th e  Aei an d  As2 sp ectra , a re  a lso  in teresting  b e c a u s e  they  a llo w  th e  
cho ice  o f lin esh ap e  fo r fitting th e s e  exc iton ic  fe a tu re s  to  be e v a lu a te d . 
Trad itiona lly , th e  exc ito n ic  fe a tu re  is fitted  using th e  real part o f  th e  first d iffe rentia l 
o f a  Loren tzian  oscilla tor a t room  te m p e ra tu re , a s  d iscu ssed  in section  2 .3 . 
K ram ers -K ro n ig  re la tions  can  b e  u sed  to  e v a lu a te  th e  im ag in ary  portion o f th e  
m o d u lated  spectru m , but P S E  p ro v ides  th e  real an d  im ag in ary  parts  o f th e  
m o d u lated  d ie lec tric  function  s im u ltan eo u s ly  enab lin g  fu rth e r investigation  and  
valida tio n  o f th e  lin esh ap e. In th is  c as e , th e  fits to  th e  real and  im ag in ary  
lin e sh a p es  s e e m  re la tive ly  co n s is ten t in te rm s  o f e n e rg y  positions and  spectra l 
w id ths, as  show n in tab le  5 .6 , an d  th e re  is e v id e n c e  fo r th e  p red icted  p h as e  
d iffe re n c es  b e tw e en  th e  real an d  im ag in ary  parts  o f th e  m o d u la ted  d ie lec tric  
function. T h e  d iffe re n c e  b e tw e e n  th e  m e as u rem e n ts  from  th e  tw o  s tructures  a re  
a ss u m ed  to  b e  d u e  to  slight d iffe re n c es  in th e  w e ll com positions  an d  /  o r  
th ick n es se s  but this could  not b e  e v a lu a te d  from  th e  lim ited in form ation  a v a ila b le  
and  h ig h er e n e rg y  w ell trans itions  w e re  not confined  in th e s e  s tructures.
S .4 iii R e v ie w  o f  F u r th e r  P S E  M e a s u r e m e n ts  o f  Q u a n tu m -c o n f in e d  M a te r ia ls
F u rth er m e a s u re m e n ts  w e re  a lso  m a d e  by th e  a u th o r to  in ves tig a te  m o re  
com plica ted  q u an tu m  w ell s tru c tu res  during th e  cou rse  o f this study. S 1 1 6 1  Sheffield- 
1 w a s  a  m u lti-q uan tu m  w ell s a m p le  (M Q W ) consisting o f fo u r ln.j23G a .77A s  w e lls  
surro un d ed  by b arriers  o f  G a A s . T h e  w e lls  had  vary ing  th ick n es se s  o f 3 0  A, 4 0  A, 
6 0  A and  12 0  A., an d  th e  G a A s  barriers  w e re  sufficiently  th ick  to p re ve n t s ignificant 
coupling  b e tw e e n  th e  s ta te s  in th e  d iffe ren t q u an tu m  w e lls . S 1 1 6 1  rep res en ted  a  
com plica ted  s am p le  to s tudy, but it o ffe red  an  opportun ity  to in ves tig a te  P S E  signal 
stren g th s  and  lin e sh a p es  from  q u an tu m -c o n fin e d  m ateria l.
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T h e  S E  s p e ctra  m e a s u re d  from  th e  sam p le  sh o w ed  in te rfe ren c e  fea tu re s , 
w hich  w ould  a llo w  m odelling  o f th e  structure  and  a lso  broad  fe a tu re s  
correspond ing  to  th e  a p p ro x im a te  e n e rg ie s  o f th e  w ell g round s ta te  transitions. T h e  
P S E  s p e ctra  w e re  d o m in ated  by F K O s  ass o c ia te d  w ith  th e  E 0 o f th e  G a A s  barriers, 
w hich  a llo w ed  th e  com position  a n d  in ternal field to b e  d e te rm in ed . M a n y  sm a lle r  
fe a tu re s  w e re  a lso  v is ib le  corresp on d in g  to  th e  trans itions  ass o c ia te d  w ith  th e  
w ells . A  corresp on d in g  P R  m e a s u re m e n t w ith  an  im proved  s igna l to  n o ise  ratio  
e n a b le d  th e  fe a tu re s  a ss o c ia te d  w ith  th e  w ell ground s ta te  trans itions  to  be  
un am biguously  identified  A ltho u g h  fe a tu re s  asso c ia ted  w ith  th e  h ig h er e n e rg y
trans itions  could not b e  c learly  identified , 
com parison  w ith  th e  m odelling  a lgorithm  
stiver, 1 jn d jc a tecj an  a p p ro x im a te  m isgrow th
in th e  w ells  o f +  2  o r 3  %  indium  in th e  
com position  o r +  a  fe w  A in th e  th ickn ess .
Figure 5.12 Comparative SE PSE A<ei> and AC 
mode PR spectra measured from the M Q W  GaAs 
sample S1161 showing features associated with 
the 4 ground state transition energies. The 
theoretically determined transition energies and 
the FKOs associated with the GaAs bandgap are 
also identified in the figure.
A  particu larly  s trong P S E  fe a tu re
Energy (eV)
w a s  found to  b e  ass o c ia te d  w ith  th e  q u an tu m  w ell m ateria l in th e  a c tive  reg ion o f a  
V C S E L  structure . V C S E L  Q T 9 6 0  will b e  d iscussed  in c h a p te r 7  an d  con ta ined  six  
nom inally  identical G a A s  q u an tu m  w e lls  e a c h  8 0  A th ick  w ith  b arriers  o f A I.1G a .9A s. 
T h e  S E  sp ectra  a re  d o m in ated  by th e  fe a tu re s  a sso c ia ted  w ith  th e  com plica ted  
V C S E L  structure  an d  th e  q u an tu m  w e ll g round s ta te  is on ly  v is ib le  w e ak ly , 
h o w e v e r th e  P S E  and  corresp on d in g  P R  m e a s u re m e n ts  provided  useful 
charac terisa tio n  o f th e  w ells .
A n a lys is  o f th e  F K O s  a ss o c ia te d  w ith  th e  b a n d g a p  o f th e  barriers  
d e te rm in ed  th e  a lum in ium  com position  to b e  a p p ro x im ate ly  -  3  %  from  th e  shifted  
b an d g ap  energ y . F e a tu re s  a ss o c ia te d  w ith  all th ree  o f th e  con fin ed  w ell transitions  
a re  c learly  v is ib le  in th e  P S E  s p e c tra  an d  a re  so c lo se  in e n e rg y  th a t th ey  o verlap  
to  p ro d u ce  an  e x te n d e d  oscillatory  lin esh ap e. T h e  p e a k s  can  b e  used  to  e s tim a te
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th e  w ell transition  e n e rg ie s  a lthough  th e  s ignal to  no ise  ratio  o f th e  fe a tu re s  is 
suffic ient to a llo w  fitting o f th e  trans itions . In this case , a  s im p le  com parison  w ith  
th e  m o d elled  e n e rg ie s  Silver’ 1 w a s  suffic ien t to  s h o w  th a t th e  g row th  o f th e  w e lls  w a s  
a p p ro x im ate ly  nom inal an d  uniform . T h e  strength  o f th e  o b s e rv e d  fe a tu re s  c an  be  
attribu ted  to  th e  a m o u n t o f q u an tu m  w ell m ateria l in th e  s a m p le  as  w ell a s  s o m e  
coupling b e tw e en  th e  w ells .
Figure 5.13 SE T  and 
PSE A<ei> measured from 
VCSEL sample QT960 
showing the features
associated with the 
quantum well ground
states, the modelled 
transition energies are
also shown.
Energy (eV)
T h e s e
m e as u rem e n ts , and
th e  o n es  d escrib ed  for th e  e d g e -e m itte r  s am p le s  h av e  d em o n s tra ted  th a t P S E  can  
b e  u sed  to  p ro v ide  useful c h arac terisa tio n  o f th e  q u an tu m -c o n fin e d  layers  in 
com plica ted  m u lti-layer s tructu res. B arrie r com positions and  w e ll com positions  an d  
th ick n es se s  can  be d e te rm in ed  from  th e  F K O  and  q u an tu m  w e ll transition  fe a tu re s  
o b se rve d  in th e  P S E  spectra . T h e  P S E  can  identify em iss io n  w a v e le n g th s  for 
d e v ic e s  fo r e xa m p le , an d  can  a lso  p ro v ide  th e  m issing s tructura l in form ation  w h e n  
th e  layers  a re  too  thin fo r S E  c h a rac terisa tio n . T h e  fo llow ing section  su m m arise s  
th e  P S E  results  o f th is  c h a p te r an d  c h a p te rs  6 an d  7  inc lude S E  an d  P S E  
m e a s u re m e n ts  o f V C S E L  m ateria ls .
5.5 Summary and Conclusions
§.5i SE and PSE For Semiconductor Characterisation
T h e  tec h n iq u e  o f S E  is curren tly  enjoying n e w  popularity , w ith  m odern  
tech n o lo g y  and  p rec ise  d ie lec tric  in form ation  a va ilab le , it h as  found w id e  u se  fo r  
both in-situ and  ex-s itu  c h a ra c terisa tio n  a t all s ta g es  o f m ateria l g row th  and
processing  Bauer’ 1996. S E  is insens itive  to  th e  e lectrica l p ro p erties  o f m ateria ls , 
h o w ever, w h ich  a re  im p o rtan t in sem ico n d u c to r d ev ices . In addition , S E  is 
re la tive ly  insensitive  to critical po ints in th e  band stru c tu re , w h ich  m ay  o ften  
ind icate  s light d iffe re n c es  in com position  d u e  to m is-grow th , o r h e a v y  doping fo r  
e xa m p le . T h is  b ec o m es  m o re  im portan t as  th e  th ickn esses  o f th e  layers  d e c re a s e  
and  th e  th ickn ess  an d  com position  can  b ec o m e  very  highly co rre la ted , th e re b y  
ham p erin g  a ttem p ts  to  c h a ra c te ris e  th e m  Woo!,am- 1996- Carllne- 1998. M o d u la ted  
s p ectro sco p ic  tech n iq u es , by contrast, h a v e  b een  found to  re v e a l sharp  fe a tu re s  
a s s o c ia te d  w ith  th e  b an d s tru c tu re  critical points o f s em ico n d u c to r m ateria ls . T h e y  
can  a lso  be used  to  d e te rm in e  in ternal e lec tric  fie lds  and  q u an tu m  w ell transition  
e n e rg ie s , fo r e xa m p le  Pollak' 1993a.
P S E  o ffers  s ev era l a d v a n ta g e s  o v e r S E  fo r s tudying th e  e lec trica l 
p ro p erties  o f m ateria ls , th e re fo re , an d  a  com bination  o f th e  tw o  tec h n iq u e s  can  
a llo w  a  m o re  co m p le te  c h a ra c terisa tio n  o f sem ico n d u c to r s tru c tu res  for research  
an d  for testing  prior to  d e v ic e  fab ricatio n . P S E  h as  b een  prim arily  app lied  a s  a  D C  
m o d e  tech n iqu e , d u e  to th e  a v a ila b le  a p p a ra tu s , and  h as  b ee n  c o m p ared  in this  
c h a p te r w ith  A C  m o d e  P R  m e a s u re m e n ts . A s  a  result, th e  P S E  h as  lo w e r s ignal to  
n o ise  ratios in m ost cas es , an d  req u ires  lo n g er d e te c to r in tegra tion  tim es  and  
w id e r s p e c tro m e te r slit w id ths, resulting  in lo w er spectra l resolution . H o w ev er, th e  
D C  m o d e  a lso  re m o ve s  th e  n ec es s ity  o f lock-in  am p lifie r tech no lo g y , o r c u t-o ff  
filters to  re m o v e  th e  m odu lating  b eam . In addition , it h as  b ee n  show n th a t O M A  
an d  C C D  d e tec to rs  can  b e  u sed  to m e a s u re  P S E  a t s p e e d s  e q u iv a len t to, or  
possibly e v e n  fa s te r  than , corresp on d in g  P R  m e as u rem e n ts  Carline>1998
5 .5 i i  S u m m a r y  o f  P S E  C h a r a c te r is a t io n
T a b le  5 .5  s u m m arise s  th e  s am p le s  th a t h a v e  b een  s tud ied  in this chap ter, 
in te rm s  o f th e  fe a tu re s  o b se rve d  an d  a lso  th e  an a lys is  m eth o d  used an d  th e  
in form ation a v a ila b le  from  th e  m e a s u re m e n ts . Bulk m ate ria ls , and  m u lti-layer 
structures  h a v e  b ee n  in ves tig a ted  th rou g h  F K O s  a ss o c ia te d  w ith  th e  b an d g ap  
using s im p le  F j an d  J g raph ica l a n a lys is  to d e te rm in e  b an d g a p  en erg ies , in ternal 
e lec tric  fie lds  and  th e  p h a s e  o f th e  critical points. P S E  o f h ig h er e n e rg y  critical 
points in G a A s  h as  a lso  b ee n  s tud ied  a n d  a  d irect scaling  m eth o d  h as  b een  used  
to  a llo w  an  a lte rn a tiv e  d e te rm in atio n  o f th e  in ternal field  s trength  Carline’ 1998.
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Sample Feature Signal to 
Noise Ratio
Spectral Width 
(meV)
Data Analysis 
Method
Information
Available
PR PSE PR PSE
CUNY GaAs E0FKO 120 30 45 55 } }
DBR GaAs E0FKO 40 8 15 25 } }
1442 InP E0FKO 25 4 10 15 } }
1443 InP E0 FKO 75 12 20 20 }J/Fj }Composition
1444 InP E0 FKO 100 15 20 25 } o
LU»
1445 InP E0 FKO 75 10 20 20 } } Internal
4304
(AI.3Ga.7).5ln.5P
E0FKO 40 40 30 20 } } Field
5304
(AI.3Ga.7).5ln5P
E0 FKO 1 15 25 20 > }
4304 GalnP Q W 70 10 20 20 Fitting }
5304 GalnP Q W 15 15 20 20 Fitting }e1hh1
QT960 GaAs Q W 50 50 15 15 By eye }e1lh1
$1161 InGaAs M O W 5 1 or 2 15-30 15-30 By eye } Energies
Table 5.5 Summary of the comparative signal to noise ratios and spectral widths obtained from AC 
mode PR and DC mode PSE measurements of the features from the bulk, quantum well and multi­
layer samples studied in this chapter. Also listed are the analysis methods used and the 
information obtained for each case.
P S E  o f bu lk  m ate ria ls  p ro vides  a  m e a s u re m e n t o f Asi an d  Ae2 d irectly, but 
in th e  c a s e  o f a  m u lti-layer s tru c tu re  th e  c h a n g e s  in th e  p seu d o -d ie lec tric  resp o n se  
a re  o b se rve d  p,ckenng' 1994. M e a s u re m e n ts  o f a  varie ty  o f m u lti-iaye r s am p le s  h a v e  
show n th a t th e  p h o to m o d u la ted  c h a n g e s  in th e  p seu d o -d ie lec tric  function  a re  
norm ally  restric ted  to  th e  reg ions  o f critical points in th e  b an d stru c tu re  o f th e  
co m p o n e n t m ateria ls , an d  th a t th e s e  c an  b e  c learly  identified  a n d  a n a ly se d  fo r a  
particu lar m ateria l. M odelling  o f th e  trans lation  o f c h a n g e s  in th e  d ie lec tric  
resp o n se  o f a  s ing le  la ye r an d  s ignificant in terpretation  is still possib le . P S E  
ch arac terisa tio n  o f m u lti-layer q u an tu m  w e ll s tructures  h as  a lso  b ee n  p re se n te d  in 
th is  ch ap te r. T h e  m e a s u re m e n ts  h a v e  re v e a le d  strong fe a tu re s  a ss o c ia te d  w ith  
th e  ground s ta te  trans itions  o f th e  w e lls  and  th e  b an d g ap s  o f th e  b arrier m ateria ls . 
L in es h ap e s  h a v e  b ee n  fitted  using th e  oscillators  d escrib ed  in section  2 .3 , o r by  
eye , and  com pariso n  w ith  th eo re tica l m odels  h as  e n a b le d  im portan t 
ch aracterisa tio n  o f th e s e  s tructures.
5. Photomoduiated Spectroscopic Eilipsometry 110
T h e  an a lys is  an d  lin e sh a p e  m ethods, u sed  to  in terp re t th e  P S E  spectra , 
h a v e  b ee n  b ased , fo r th e  m ain  part, on  th o s e  estab lish ed  fo r P R  tech n iqu es . It h as  
b ee n  found  th a t th e  re la tionsh ip  b e tw e e n  th e  m easu red  c h a n g e s  in th e  real an d  
im ag in ary  parts  o f th e  d ie lec tric  function  a g re e s  w ell, fo r th e  m ain  part, w ith  th e  
predictions o f th e  K ram ers -K ro n ig  re lationship. C o m p a ra tiv e  A C  m o d e  P R  
m e a s u re m e n ts  h a v e  a lso  b ee n  ap p lied  to  re d u c e  am bigu ity  in th e  identification  o f  
fea tu re s . In all cas es , th e  m o d u la ted  s p e ctra  a re  s e e n  to  drop  to a  uniform  
b ackg ro u n d  a w a y  from  th e  fe a tu re s  m akin g  in terpretation  m o re  s tra igh tfo rw ard .
§ .5 i i i  F u r th e r  D e v e lo p m e n ts
T h is  c h a p te r h as  d em o n s tra ted  th a t th e  tech n iq u e  o f P S E , coup led  w ith  S E , 
can  read ily  b e  app lied  to  th e  c h a ra c terisa tio n  o f sem ico n d u c to r m ateria l a s  w e ll a s  
co m p lica ted  m u lti-layer s tru c tu res  fo r d e v ic e s  such as  V C S E L s . A lthough  P S E  h as  
not ye t b ee n  w id e ly  exp lo ited  fo r charac terisa tio n , S E  h as  g row n in popularity  and  
in m an y  c a s e s  th e  a p p a ra tu s  is a lre a d y  a v a ila b le  to utilise th e  tech n iqu e . A ltho u g h  
P S E  h as  b een  d em o n s tra ted  in D C  m o d e, th e  d e v e lo p m e n t o f ap p ro p ria te  lock-in  
tech n o lo g y  could  c learly  o ffe r a d v a n ta g e s  in te rm s  o f s ignal to  n o ise  ratios a n d  
a lso  a llo w  th e  p ro b e b ea m  spot to  b e  red u ced  and  th e  sp ectra l resolution to  b e  
su b seq u en tly  im proved . T h e  follow ing tw o  ch a p te rs  d es crib e  th e  s tudy o f V C S E L  
m ateria l an d  inc lude S E  a n d  P S E  m e as u rem e n ts , w h ich  p ro v ide  im portan t 
in form ation  fo r ch aracterisa tio n .
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6 .  O p t i c a l  C h a r a c t e r i s a t i o n  o f  V C S E L  
S t r u c t u r e s  D e s i g n e d  T o  O p e r a t e  a t  ~  1  u r n
W a v e l e n g t h s
6.1 Introduction To VCSELs
T h e  preced in g  c h a p te rs  h a v e  in troduced th e  sub jec t o f  optical 
charac terisa tio n  tec h n iq u e s  fo r bulk, m u lti-layer and  q u an tu m  w ell s tructures. F o r  
e a c h  o f th e s e  system s, th e  m e a s u re m e n ts  can  be used  to in c rea se  physical 
u nders tan d in g , a s  w e ll a s  to  p rovide  in form ation to re la te  to  th a t d e te rm in ed  from  
grow th  and  d e v ic e  s tu d ies  Carline’ 1998, Thomas* 200°. V e rtic a l-c a v ity  su rface -em ittin g  
lase rs  (V C S E L s ) AgrawaI- 1995- Sale- 1995 re p res en t a  highly com plica ted  structure , w h ich  
is a  com bination  o f th e  sys tem s  a lre a d y  stud ied, fo r w h ich  ch arac terisa tio n  is both  
im portan t and  a lso  involved .
T h is  c h a p te r b eg ins  w ith  a  b rie f introduction to th e  V C S E L , its s tructure , 
re lev a n t th eo ry  an d  app lica tions . T h e  bright red V C S E L  (B R E D S E L )  p ro ject 
woodhead, 1996^  uncje r  w hjc h th e  m ajority  o f this w o rk  w a s  carried  out, is a lso  briefly  
d iscu ssed  an d  th e  s co p e  o f th is  p articu la r s tudy is d efin ed . T h e  c h a p te r then  
d escrib es  m e a s u re m e n ts  m a d e  on a  V C S E L  structure  d es ig n ed  to  em it a t 1 pm  
a n d  th e  ana lys is  o f th e  results  in vo lves  n e w  in terpre tations. T h e  results  a lso  
highlight s o m e  o f th e  in form ation  a v a ila b le  from  th e  optical charac te risa tio n . A  full 
su ite  o f charac terisa tio n  tec h n iq u e s  an d  in terpre tation  m eth o d s  is d ev e lo p e d . T h e  
fo llow ing c h a p te r d escrib es  h o w  th e  ch aracterisa tio n  is e x te n d e d  to sh o rte r  
w a v e le n g th  structures.
6 .1 1 S e m ic o n d u c to r  L a s e rs
A fte r its m a n u fa c tu re  in 1 9 5 9  Maiman’ 1961 th e  la se r w a s  initially d escrib ed  a s  ‘a  
solution  in n eed  o f a  p ro b lem ’ but th e  last forty  y e a rs  h a v e  s e e n  lase rs  a s s u m e  an  
im portan t position in a  va rie ty  o f m o d e rn -d a y  app lications. A  re v ie w  o f th e  physics  
an d  d e v e lo p m e n t o f lasers  is b eyo n d  th e  sco p e  o f this th es is  h o w e v e r fu rth e r  
in form ation  can  be found in, fo r e x a m p le , Thompson- 1980’ Atk,ns* 1990b, T h e  b an d stru c tu re
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a n d  m ateria l p roperties  o f sem ico n d uctors  proved  to  b e  particu larly  a p p ro p ria te  fo r  
th e  construction  o f lasers  and , s in ce  th e ir d e v e lo p m e n t in 1 9 6 2  Hali’ 1962, th ey  h a v e  
b ec o m e  particu larly  im portan t in th e  te leco m m u n ica tio n s  industry  Thljs’ 1994.
T h e  conditions in reg ions  o f th e  b an d stru c tu re  o f certa in  sem ico n d uctors  a re  
particu larly  su itab le  fo r lasing p ro ce ss e s  to  ta k e  p lace  ThomPson* 198°. E lec tro n s  can  
be p u m p ed  into th e  conduction  b an d  by optical o r e lec trica l m e an s . Inc iden t 
photons w ith  an  e n e rg y  co rresp on d in g  to  th e  b an d g ap  o f th e  s em ico n d u c to r can  
th en  s tim u la te  e lec tro n s  to  m a k e  th e  transition  to  e m p ty  s ta te s  in th e  v a la n c e  
b an d s  an d  em it c o h e ren t photons. T h e  b an d g ap  e n e rg y  th e re fo re  d e te rm in es  th e  
e n e rg y  o f th e  photons em itted , an d  h e n c e  th e  w a v e le n g th  o f th e  resu ltan t la se r  
b ea m . In add ition  to  p o ssessing  th e  ap p ro p ria te  b an d stru c tu re  p roperties  fo r th e  
production o f a  laser, sem ico n d u c to rs  o ffe r s ev era l o th e r a d v a n ta g e s  to  la se r  
design . T h e  fa c e ts  o f a  s em ico n d u c to r la s e r c le a v e d  from  a  w a fe r  can  b e  u sed  to  
p ro d u ce  th e  m irrors to form  th e  re so n an t cavity  required  fo r sus ta in ed  lasing. 
T h e s e  fa c e ts  p ro v ide  re flec tiv ities  o f a ro un d  3 0  %  and  fu rth e rm o re , th e  ro u g h en ed  
s id es  o f th e  la s e r can  p re ve n t tra n s v e rs e  lasing m odes.
S e m ic o n d u c to r lase rs  w e re  first d em o n stra ted  a t low  te m p e ra tu re s  in th e  
early  19 6 0 s , a lthough  th e  s im p le  p-n  hom o-junction  s tru c tu re  w a s  quickly  sho w n  to  
be  in a d e q u a te  to th e  ta s k  ThomPson’ 198°. T h e  m ajority  o f th e  c arrie rs  in jected  into th e  
recom bination  reg ion w e re  lost from  th e  sys tem  w ithout s ign ificant co n fin em en t. A s  
a  result, th e  la rg e  n u m b er o f e lec tro n s  a n d  ho les  requ ired , to a c h ie v e  an d  then  
susta in  th e  em ission  m e a n s  th a t high thresh old  curren ts  a re  requ ired  b e fo re  lasing  
c an  occur. T h e  d e v e lo p m e n t o f th e  s em ico n d u c to r d o u b le  h e te ro s tru c tu re  e n a b le d  
th e  in jected  e lec tron s  to be  m o re  e ffec tive ly  confined  w ith in  th e  lo w er b an d g ap  
m ateria l layer. T h e  lo w er b a n d g a p  m ate ria l a lso  h as  a  k^ker- re frac tive  in d ex  and  
acts  to  con fin e  th e  photons to  w ith in  th e  a c tive  reg ion ThomPson’ 1980f show n  
sch em atica lly  in figure  6 .1 . T h is  in c re a s e s  th e  photon d en s ity  an d  p rovides  a  
h ig h er p o w er ou tpu t an d  a  s ignificantly  red u ced  threshold  curren t.
Im p ro v em e n ts  in th e  g row th  tec h n iq u e s  h av e  e n a b le d  th e  s tructures  o f  
sem ico n d u c to r lase rs  to  b e  fu rth e r re fined . Tailo ring  o f com positions, as  w ell a s  th e  
d im en sio n s  o f th e  a c tiv e  cavity , h a v e  im proved  w ith th e  a d v a n c e m e n ts  in both  
grow th and  charac terisa tio n  tec h n iq u e s  Agrawal- 1995. T h e  q u an tu m  w e ll h as  a lso  
found a  p lace  in th e  sem ic o n d u c to r la s e r design , th e  q u an tu m  co n fin em en t o f th e  
carrie rs  in th e  a c tive  reg ion is in add ition  to  g re a te r control o f th e  transition  
en e rg ie s , and  h en c e  th e  lasing w a v e le n g th  o f th e  d e v ic e lwamura< 1983' Arakawa- 1982 y h e
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q u an tu m  w ell s em ico n d u c to r la s e r p o ss es se s  a  red uced  th resh o ld  current, and  
a lso  red uced  le a k a g e  an d  s p o n tan e o u s  em iss io n  Agrawal’ 1995.
Figure 6.1 Schematic diagram of the
A )bandstructure of a simple GaAs / AIGaAs 
double heterostructure semiconductor laser. 
Also shown are the refractive indexb;and light 
intensityc) profiles across the double
heterostructure region ThomPson-198°.
T h e  high e ffic ien cy  an d  l o n g e r *  
lifetim e, as  w ell a s  th e  high freq u e n c y  
w ith w h ich  th ey  can  b e  m o d u lated , h as  
m a d e  th e  sem ic o n d u c to r la s e r a  vital 
co m p o n en t fo r in form ation  tran s fer. 
A lthough  th e y  a re  w id e ly  used  in 
m odern  techno logy , th e re  a re  s e v e ra l 
p rob lem s rem ain ing  in th e  app lica tion  o f  
e d g e -e m itte r  lasers , h o w ever, including p rob lem s o f b ea m  s h a p e  th a t is la rgely  
d e te rm in ed  by th e  s h a p e  o f th e  reso n ato r. T h e  d ev ic e  charac te ris tics  o f th e  e d g e -  
e m itte r lasers  a lso  s h o w  a  high sensitiv ity  to te m p e ra tu re  Sweeney>1999.
6 . i i i  V C S E L s
T h e  V C S E L  Sale’ 1995 is o n e  o f th e  la test a d v a n c e s  in o p to e lec tro n ic  
techno logy , d e v e lo p e d  from  th e  highly successfu l con ven tio n a l e d g e -e m itte r  lasers , 
w hich  h a v e  revo lu tion ised  th e  te le co m m u n ica tio n s  industry  Thljs’ 1994. T h e  V C S E L  
des ig n  p ro vides  a d v a n ta g e s  o f lo w e r b e a m  d iverg en ce  a n d  a  m o re  sym m etrica l 
b ea m  profile  fo r im p ro ved  fib re  coupling . In addition , th e  vertica l g eo m e try  o f th e  
stru c tu re  m e a n s  th a t th e  d e v ic e s  can  b e  fab rica ted  m o re  eas ily  Into tw o -  
d im en sio n a l a rrays  for b e tte r in form ation  tran s fer, w ith  p ara lle l d a ta  bus links Sale>
1995 for e xa m p le . F o r successfu l o p era tio n , th e  s tructure  o f th e  V C S E L  m ust be  
significantly  d iffe ren t to th a t o f th e  c o n ven tio n a l e d g e -e m itte r h o w ever.
T h e  b as ic  V C S E L  consis ts  o f an  a c tiv e  reg ion o f s e v e ra l q u an tu m  w e lls  
san d w ic h ed  b e tw e en  m irrors to p ro d u ce  th e  fam ilia r F a b ry -P e ro t re so n ato r Atk,ns’
1993b. T h e  vertica l g eo m e try  o f th e  V C S E L  m e an s  th a t th e  light trav e ls  through th e  
cav ity  in th e  g row th  d irection . A s  a  resu lt th e  optical th ickn ess  o f th e  cav ity  is 
greatly  red u ced  from  s ev era l h u n d red s  o f m icrons to typ ically  o f th e  o rd er o f o n e
TUs Ok Wurjie,s&fcxrcA.t;on cf {-WL Atocle Wfijl te.
w a v e le n g th  o f th e  lasing light.AT h e  red u ced  s ize  o f th e  gain  m ed iu m  n ec es s ita tes  
an  in c rea se  in th e  optical co n fin em en t to  m a in ta in  th e  req u ired  photon den s ity  fo r  
susta in ed  lasing. T h is  is a c h ie v e d  by increasing  th e  reflectiv ity  o f th e  m irrors in th e  
V C S E L  to  g re a te r  th a n  9 9  %  A0rawal' 1995.
S in c e  th e  h ighest re flec tiv ity  o f a  m eta l is only ap p ro x im a te ly  9 0  % , th e  
requ ired  re flec ta n ce  is a c h ie v e d  by using D istributed  B ragg  R eflec to rs  (D B R s ), 
w hich  can  p ro v ide  re flec tiv ities  in e x c e s s  o f 9 9 .9  %  o v e r a  lim ited specific  e n e rg y  
ra n g e  McLeod’ 1969. T h e  V C S E L  m irrors, th e re fo re , a lso  e n a b le  th e  lasers  to h a v e  a  
v ery  specific  o p era tin g  w a v e le n g th . T h e  V C S E L  des ign  p o ss es se s  a  d ra w b ac k , 
ho w ever, in th a t th e  high re fle c ta n c e  o f th e  re flec to rs  re d u c es  th e  ou tpu t e ffic iency  
o f th e  d ev ic es  Sale> 1995. T h e  D B R s  a re  con struc ted  o f a lte rn atin g  pairs  o f high and  
low  re frac tive  in d ex  m ateria l, e a c h  la y e r h as  an  optical th ickn ess  eq u a l to  a  q u a rte r  
o f a  lasing w a ve le n g th . F o r V C S E L s  o p era tin g  a t v isib le  a n d  n e a r IR  w a ve le n g th s , 
th e y  a re  norm ally  con struc ted  o f A IG a A s  b ased  m ateria ls , typ ically  contain ing  
s e v e ra l ten s  o f pairs  Sa!e’ 1995. T h e  im portan t characteris tics  o f th e s e  D B R  
structures  and  th e ir g row th  an d  uniform ity  a re  d iscussed  m o re  fully in c h a p te r 4 .
A  s im ple  g en e ric  V C S E L  s tru c tu re  is show n s ch em atica lly  in figure  6 .2  w ith
posi'biorteJ Lt> kUe.d.atnVioJe«, op LUe. nAiXq vjtw
a re la tive ly  thin a c tive  reg ion  conta in ing  o n e  o r m ore  quantum ,Aw e lls  a s  w ell a s  a  
varie ty  o f c o n fin em en t layers . T h e  V C S E L  form s a  p -i-n  junction  w ith  th e  a c tiv e  
reg ion san d w ich ed  b e tw e e n  th e  p an d  n d o p ed  u p p er an d  lo w e r D B R  s tacks  
resp ective ly . T h e  vertica l g eo m e try  o f th e  V C S E L  s tructure  a lso  m e a n s  th a t th e  top  
an d  bottom  m irrors m ust e ith e r con ta in  th e  e lectrica l co n tac ts  fo r th e  d ev ic e , o r 
th e ir e lec trica l p roperties  m ust b e  ta ilo red  to provide  th e  n ec es s ary  co n tac ts  
th e m s e lv e s  Sale’ 1995. T h e  la tte r c a s e  is m o re  com m on in th e  s tru c tu res  rep orted  
h e re  an d  vary ing  d e g re e s  o f doping and  com positional g rad ing  h a v e  to  be  
in corpo rated  into th e  D B R  s tructures, w h ich  will a lso  a ffec t th e  optical p roperties  
sale, 1995 A g  0 pe ra tjng w a v e le n g th  varies , so th e  com position  o f th e  m ate ria ls  
in corpo ra ted  in th e  m irrors m ust a lso  b e  a lte red . T h is  is d iscu ssed  in c h a p te r 7  
w h e re  V C S E L  s tructures  o f o p era tin g  w a v e le n g th s  b e tw e en  6 5 0  nm  and  1 pirn a re  
stud ied  Sale’ 1997
T h e  d iffe ren t s tructure  o f th e  V C S E L  m e an s  th a t th e re  a re  n o w  th re e  
w a v e le n g th s  th a t a re  im portant, a s  o p p o sed  to  sim ply th e  em iss io n  w a v e le n g th  o f
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th e  lasing transition. F o r successfu l o p era tio n , th e  w a v e le n g th  o f th e  q u an tu m  w ell 
em iss ion  AQW m ust b e  ap p ro x im ate ly  eq u a l to  th e  standing  w a v e le n g th  o f th e  cav ity  
Acm a s  w ell as  th a t o f th e  high re flec ta n ce  s topband  ASb- Klar’ 1998
A qw « A cm « A sb (6-1)-
T h e  fac t th a t th e  cav ity  length  is only o f th e  o rd er o f th e  lasing w a v e le n g th  m e an s  
th a t lasing m o d es  a re  fa r  m o re  w id e ly  s e p a ra te d  than  in a  co n ven tio n a l e d g e -  
e m itte r des ign , and  a s  a  result it is th e  cav ity  length th a t la rgely  d e te rm in es  th e  
o p era tio n a l w a v e le n g th  Sa,e’ 1995.
E lectrica l
C o n tac t
i
Active Region nA.civi/2 Thick- 
Q u a n t u m  Well 
Emission >uQ W
Electrica l
C o n ta c t
Lasing Emission
Figure 6.2 Schematic diagram of the basic VCSEL structure showing the active ‘cavity’ region with 
one or more quantum wells, and the upper and lower DBRs, the positions for electrical contacts 
and various complicated layer interfaces are also labelled.
V CSELs a re  a lso  very sensitive  to any im perfections or variations in the
e p itax ia l g row th  p ro cess  Agrawal- 1995. T h is  is b e c a u s e  o f th e  d e p e n d e n c e  o f th e  
w a v e le n g th s  o f th e  high re fle c ta n c e  s to p b an d  and  th e  cav ity  on th e ir re sp e c tiv e  
la ye r com positions  and  th ick n es se s . In c h a p te r 4  varia tio n s  in th e  s tructure  o f  
partia l D B R s  w e re  successfu lly  c h a ra c te rise d  using optica l a n d  p h o to m o d u la ted  
tech n iq u es . T h e  o rien ta tion  o f th e  V C S E L  structu re  m a k e s  ch aracterisa tio n  
possib le  prior to  w a fe r  p rocess ing  an d  n o n -d estru ctive  c h arac te risa tio n  tech n iq u es  
a re  particu larly  a p p e a lin g  fo r such study. T h is  c h a p te r an d  th e  o n e  th a t fo llow s  
d em o n s tra te  h o w  optical and  m o d u la ted  spectro sco p ic  tec h n iq u e s  a llo w  v a lu a b le  
ch arac terisa tio n  o f varia tio n s  in a  ra n g e  o f V C S E L  s tru c tu res  to  b e  d e te rm in ed
H osea, 1998, H osea, 1999
6 .1  iii T h e  B R E D S E L  P r o je c t  No.
T h e  B R E D S E L  pro ject w a s  in itiated  to  d ev e lo p  a  sm all a rra y  o f V C S E L  
d ev ic es  o p era tin g  a t 6 5 0  nm  (red ) w a v e le n g th s  for u se  in a  s m a ll-s ca le  local a re a  
n etw o rk  fo r in form ation tran s fer. A ltho u g h  th e  b as ic  V C S E L  d es ign  is a lre a d y  in 
u se  a t lo n g er w a v e le n g th s  J,ang’ 1998, th e re  w e re  co n s id erab le  d ifficulties th a t had  to  
b e  o v e rc o m e  to  p ro d u ce  successfu l d e v ic e s  th a t lased  a t v is ib le  w a ve le n g th s . T h e  
req u irem en ts , fo r exam p le ; o f a  m o re  com plica ted  cavity , a  g re a te r  n u m b er o f la ye r  
pairs  in th e  D B R s  and  th e  u se  o f less  w ell stud ied  m ate ria ls  p re se n t add itiona l 
c h a lle n g es  fo r grow th  SaIe’ 1997, Sweeney’ 2000a, in addition  th e  high re flec ta n ce  
s to p b an d  h as  a  n a rro w er spectra l w id th  a t sh o rte r w a v e le n g th s  an d  th e  to le ra n ce s  
fo r g row th  a re  s ignificantly  tig h te r th an  th o s e  required  fo r d e v ic e s  th a t lase  a t 1 pm
H osea, 1999, S w eeney, 2000b
T h e  n a tu re  o f th e  p ro ject o ffe red  g re a t opportun ities  fo r charac terisa tio n  
tec h n iq u e s  an d  th e  V C S E L ’s vertica l g eo m e try  m a k e s  n o n -d estru c tive  optical 
tec h n iq u e s  particu larly  su itab le . P ro b lem s  in grow th can  b e  e v a lu a te d  from  optical 
m e a s u re m e n ts  and  m o d u la ted  spectro sco p y  m e as u rem e n ts , v ario u s  e x a m p le s  o f  
w hich  a re  p re se n te d  in this  thes is . T h e  b as ic  V C S E L  s tructure  a lre a d y  d escrib ed  is 
increasing ly  co m p lica ted  by re q u irem e n ts  fo r successfu l o p era tio n  a t p ro g ressive ly  
sh o rte r w a v e le n g th s , th e  d e ta ils  o f w h ich  w ill be  d iscussed  in th e  follow ing chap ter. 
D es p ite  th e  com plications , optica l charac te risa tio n  tec h n iq u e s  can  still p ro vide  
useful inform ation, a s  th e  fo llow ing c h a p te r will d em o n s tra te . T o  begin  w ith  
h o w ever, s h o rte r w a v e le n g th  m a te ria l w a s  not a v a ila b le  an d  th e  s im p le r an d  m o re
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a v a ila b le  1 p m  stru c tu res  w e re  stud ied . T h e s e  will be  show n to  p rovide  highly  
useful in form ation  fo r in terpreting  la te r B R E D S E L  designs.
6.2 Optical and Modulated Spectroscopic Measurements on 
VCSEL Structure RMB1048
6 .2 i R  a n d  S E  M e a s u r e m e n ts
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Figure 6.3 SE and A and R spectra Figure 6.4 Modelled P- and S-polarised
measured and modelled from the VCSEL reflectance spectra at 70° angle of incidence
structure RMB1048. Data points are shown for VCSEL RMB1048. Also shown are the
as filled circles and the fits are shown as corresponding modelled and measured SE Y
solid lines. The cavity mode and high spectra, as discussed in the text,
reflectance stopband edges are identified in 
each spectrum.
F ig u re  6 .3  sh o w s  a  R  sp ectru m  m eas u red  o f th e  V C S E L  s tructure
.,. iLeVC f^cL wo-s gfowrt «.t SMTtefi.
R M B 1 0 4 8  ’ , designed to lase at wavelengths of 1 |Lim.AT h e  basic structure of
this V C S E L  consists of a 1 A, long GaAs cavity with a single 8 5  A  ln.23Ga.77As 
quantum well at its centre. The cavity has GaAs / AlAs D B R s  of 1 6 .5  layer pairs at
th e  top  and  2 8 .5  la y e r pairs  a t th e  bottom . T h e  D B R s  pairs  inc lude A IG a A s  g ra d e d  
in te rfaces  to re d u c e  e lec trica l re s is tan c e  an d  th e  layers  w e re  a lso  do p ed  to  g iv e  
carrie rs  con cen tra tio n s  o f th e  o rd e r o f 1Q18 c m '3. M e a s u re m e n ts  w e re  m a d e  using  
th e  a p p a ra tu s  a lre a d y  d escrib ed  in c h a p te r 3  a t a  7 0 °  a n g le  o f inc id en ce  an d  using  
th e  In G a A s  d e te c to r an d  a  reso lu tion  o f -  1 .5  m e V  (F W H M ).
A ltho u g h  u n certa in ties  in th e  norm alisation  p rocess  m a k e  it d ifficult to  
e v a lu a te  ab so lu te  re flec ta n ce  v a lu e s , th e  high re flec ta n ce  s to p b an d  is c le a r in th e  
re flec ta n ce  spectru m . It w a s  sho w n  in c h a p te r 4  th a t th e  sp ectra l position and  
w idth  o f th e  high re flec ta n ce  s to p b an d  a re  ind icative  o f th e  D B R  la ye r th ick n es se s  
a n d  com position . F o r R M B 1 0 4 8  th e  spectra l position o f th e  high re flec ta n ce  
sto p b an d  can  be  used  to s h o w  th a t th e  D B R  layers  a re  ap p ro x im a te ly  2  %  th in n er  
th an  th e ir nom inal v a lu e s  Klar* 1998. T h e  cav ity  m o d e  dip  is a lso  c le a r fo r this  
structure , indicating th a t th e  th ick n es s  o f th e  cav ity  m ate ria l is c lo se  to  its des ig n  
specifica tion . T h e  o b se rve d  sp ectra l w id th  o f th e  cav ity  is a  resu lt o f th e  e ffec ts  o f  
th e  fin ite  resolution  o f th e  s p e c tro m e te r and  th e  non-un iform ity  o f its s tru c tu re  in 
th e  p lan e  o f growth^ Its fin es se  is ac tu a lly  considerab ly  h igher. T h ese  e ffec ts  h a v e  
b ee n  co n s id ered  in d eta il e ls e w h e re  K,ar’ 1998. T h e  J o n e s  m o d elled  re flec ta n ce  
spectru m , a lso  sho w n  in fig u re  6 .3  d o e s  not rep ro d u ce  th e s e  b ro ad en in g  e ffec ts  
but o th erw ise  th e  a g re e m e n t is sa tis facto ry  using th e  nom inal s tructure  a n d  
lite ra tu re  d ie lec tric  d ata .
T h e  cav ity  fe a tu re  is particu larly  im portan t b e c a u s e  it e ffec tive ly  d e te rm in es  
th e  lasing w a v e le n g th  o f th e  d e v ic e  ra th e r than  th e  gain  spectru m  o f th e  a c tive  
reg ion, Sale’ 1995. S tructura l c h a n g e s  c a u s e d  by th e  te m p e ra tu re  rise during norm al 
d e v ic e  o p era tio n  m ay  a lte r  th a t v a lu e  slightly. T h is  e ffec t will b e  d iscussed  la te r  
both in te rm s  o f th e  te m p e ra tu re  sensitiv ity  o f th e  cav ity  w a v e le n g th  and  th e  
o b served  d ev ic e  characteris tics  o f v a rio u s  fab rica ted  V C S E L s .
V C S E L  s tru c tu res  h a v e  b ee n  c h a rac terised  during grow th  using S E  
tec h n iq u e s  to m on ito r la y e r th ick n es se s  an d  com positions, esp ec ia lly  uniform ity as  
th e  rep etitive  s tructure  is built up Maracas* 1993. T h e  u se fu ln ess  o f S E  h as  a lre a d y  
b ee n  d em o n s tra ted  in th e  e va lu a tio n  o f D B R  grow th, an d  fig u re  6 .3  sho w s S E  W 
an d  A s p e c tra  m e as u red  from  R M B 1 0 4 8  using th e  s tan d ard  a p p a ra tu s  an d  a  7 0 °  
a n g le  o f in c id en ce. T h e  w id e  s p e c tro m e te r slit w id ths resu lt in a  b ea m  spot o f  
a p p ro x im ate ly  2  m m  in rad ius. A ltho u g h  th e  im portant fe a tu re s  h a v e  re la tive ly  w id e  
spectra l w id ths, s ignificant non-un ifo rm ity  o f th e  structure  o f R M B 1 0 4 8  in th e  p lan e  
o f grow th , results  in a  b ro ad en in g  o f th e  D B R  high re flec ta n ce  s to p b an d  and  cav ity
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m o d e  fe a tu re s . N e v erth e les s , th e  high re flec ta n ce  s to p b an d  and  cav ity  m o d e  
fe a tu re s  can  still b e  c learly  identified  in th e  W spectrum , w h ich  ap p ro x im a te s  to  th e  
re flec ta n ce  spectru m , a lso  show n in fig u re  6 .3 . T h e  A spectru m  a lso  show s s h arp  
fe a tu re s  ass o c ia te d  w ith  th e  e n e rg ie s  o f th e  cav ity  m o d e  an d  s to p b an d  ed g es.
F ig u re  6 .4  sh o w s  P - an d  S -p o la rise d  re flec tan ce  s p e ctra  m o d elled  a t 7 0 °  fo r  
R M B 1 0 4 8  using th e  Jo n e s  a lgorithm , a lth o u g h  th e  S E  W spectru m  is d efin ed  by  
th e  ratio  o f th e  a m p litu d es  o f th e  P - to  S -  po larised  re flec ted  light, it is c le a r th a t it 
is th e  d iffe re n c e  in th e  m ag n itu d es  o f th e  high re flec ta n ce  s to p b an d  and  subsid iary  
in te rfe ren c e  fringes  in th e  tw o  s p e c tra  w h ich  result in th e  s h a p e  o f th e  spectru m  
a lso  show n, both m o d elled  an d  m e a s u re d . T h e  slight d iffe re n c es  in th e  w a v e le n g th  
o f th e  cav ity  m o d e  in th e  tw o  R  s p e ctra  a lso  result in th e  oscilla tory  lin esh ap e  o f  
th e  corresp on d in g  fe a tu re  in th e  W spectrum . T h e  s light d iffe re n c e  in th e  
w a v e le n g th s  o f th e  cav ity  m o d e  an d  s to p b an d  e d g e s  in th e  P - and  S -p o la rise d  
re fle c ta n c e  sp ectra , w h e re  th e  re fle c ta n c e  is chang ing  quickly, a lso  lead  to  th e  
la rg e  p h as e  d iffe ren ces  b e tw e e n  th e  tw o  po larisations an d  c re a te  th e  fe a tu re s  
o b served  fe a tu re s  in th e  S E  A spectru m . T h e  S E  s p e c tra  c an  th e re fo re  a lso  
p ro vide  in form ation co n cern ing  th e  im p o rtan t w a v e le n g th s  o f th e  cav ity  m o d e  and  
high re flec ta n ce  s to p b an d  o f th e  V C S E L .
T o  obta in  m o re  d e ta iled  in form ation  o f th e  V C S E L  structure , th e  W o o lla m  
so ftw are  can  b e  used  to m odel th e  S E  resp o n se . T h e  nom inal s tru c tu re  w a s  used  
w ith  bulk, u n d op ed  m ate ria l d ie lec tric  functions an d  th e  rep etitive  layers  in th e  
D B R s  w e re  a ss u m ed  to b e  uniform  in th ickness. T h e  m o d elled  s p ec tra  a re  a lso  
show n in fig u re  6 .3  and  th e re  is c lea rly  good a g re e m e n t b e tw e e n  th e  m e as u red  
resu lts  an d  th o se  from  th e  m odel, show ing  th a t th e  grow th a t th is  point is re la tive ly  
c lo se  to  nom inal. T h e  m odel s h o w s  a  s h arp  fe a tu re  in th e  'F  an d  A s p e c tra  
corresp on d in g  to  th e  c av ity  m o d e. T h is  ind icates  a  la rg e  p h a s e  c h a n g e  in A  an d  
should  m a k e  th e  cav ity  m o d e  fe a tu re  particu larly  c le a r in S E  spectra .
6 .2 i i  T h e  E f fe c ts  o f  V a r y in g  th e  A n g le  o f  In c id e n c e  o n  V C S E L  
C h a r a c te r is a t io n
R M B 1 0 4 8  exh ib its  s ignificant structura l non-un iform ity  a cro ss  th e  p lan e  o f  
grow th  o f th e  w a fe r. T h is  w a s  e v a lu a te d  by tak ing  R  m e a s u re m e n ts  a long  th e  
d ia m ete r. T h e  s to p b an d  an d  cav ity  both m o ved  ap p ro x im ate ly  eq u a lly  by a b o u t 6
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m eV m m "1. It is poss ib le  to exp lo it th e  varia tio n  in grow th  to  tu n e  th e  cav ity  m o d e
w a v e le n g th  Acm- T h is  is particu larly  im portant, a s  d escrib ed  later, w h e n  considering  
th e  o ve rla p  o f th e  cav ity  m o d e  a n d  th e  q u an tu m  w ell. It is in fac t, a lso  poss ib le  to  
tu n e  th e  a p p a re n t cav ity  w a v e le n g th  through  a  lim ited ra n g e  by vary ing  th e  a n g le  
o f inc id en ce  o f th e  p ro b e b ea m  on th e  sam p le .
W h e n  th e  a n g le  o f in c id en ce  is varie d , th e  optical path  length  o f th e  p ro b e  
b ea m  travelling  through  th e  s tru c tu re  is a lte re d . T h e  cav ity  d ip  fe a tu re  o b se rve d  in 
th e  R  sp ectra  occurs  a s  a  resu lt o f th e  d es tru ctive  in te rfe ren c e  b e tw e en  th e  rays  
re flec ted  a t th e  front and  b ack  s u rfa ce s  o f th e  cavity . Including th e  n p h as e  c h a n g e  
a t th e  b ack  surface , this in te rfe ren c e  will o ccu r for w a v e le n g th s  =  mA.CM (m  =  1 , 2 , 
3, ..). T h e  b eh a v io u r o f A,Cm w ith  vary in g  an g le  o f in c id en ce  0  can  th e re fo re  b e  
d escrib ed  a p p ro x im ate ly  Klar> 1998, in te rm s  o f th e  a n g le  o f in c id en ce  o f th e  p ro b e  
b e a m  6; an d  th e  th ickn ess  d, a n d  e ffe c tiv e  re frac tive  in d ex  n o f th e  cavity , by:
T h is  app ro x im ation  a lso  e n a b le s  th e  cav ity  m o d e  w a v e le n g th  a t norm al inc id en ce  
to  b e  e x trap o la te d  from  n o n -n o rm a l in c id en ce  R  and  S E  m e as u rem e n ts . F o r m o re  
tho ro u g h  ana lys is  th e  m e a s u re m e n ts  can  o f  cou rse  b e  fitted  w ith  an  ap p ro p ria te  
m odel.
R  and  S E  sp ectra  can  th e re fo re  supply  im portan t in form ation  concern ing  th e  
structure  o f a  V C S E L  but th e re  is still s o m e  in form ation th a t th e s e  tec h n iq u e s  
c an n o t p rovide, m ost im portantly  co n cern ing  th e  c h a ra c te r o f th e  q u an tu m  w e lls  in 
th e  cavity . H o w ev er, m o d u la ted  sp ectro sco p ic  tech n iq u es  a re  particu larly  su ited  to  
providing th e  add itional in form ation  a b o u t th e  q u an tu m  w e lls  required  to  
c h a ra c te ris e  th e  structure .
6 .2 i i i  P R  a n d  P S E  M e a s u r e m e n ts
F ig u re  6 .5  show s a  typical P R  spectru m , corresp on d in g  to  th e  R  spectru m  
a lre a d y  d iscu ssed , m e as u red  from  R M B 1 0 4 8  using th e  s ta n d a rd  a p p a ra tu s  and  a  
3 m W  H e N e  la s e r o p era tin g  a t 6 3 2 .8  nm  fo r m odulation . T h e  q u an tu m  w ell ground  
s ta te  e1hh1 fe a tu re  can  b e  c learly  s ee n  in th e  P R  spectru m  o ffset from  th e  
w a v e le n g th s  o f th e  high re fle c ta n c e  s to p b an d  and  cav ity  m o d e. T h is  shift w a s  
m o d elled  by assum in g  a  grow th  m iscalibration  o f ap p ro x im ate ly  +  6 %  indium  in th e
(6.2).
6. Characterisation of -  1 gm Wavelength VCSELs 121
w ell m a te ria l w h ich  led to  it being  s e p a ra te d  from  th e  nom inal v a lu e  by a b o u t 5 0  
m e V  K,ar’ 1998, Klar’ 1999a’ Klar’ 1999b. T h is  sep ara tio n  is so  la rg e  that, a t room  
te m p e ra tu re , th e  q u an tu m  w ell g round  s ta te  transition  is s e p a ra te d  from  th e  cav ity  
m o d e  a t all positions on th e  w a fe r  an d  a t all an g le s  o f inc idence. It is not possib le  
in this in s tan ce  to o b s e rv e  a n y  o f th e  h ig h er e n e rg y  trans itions  o f th e  q u an tu m  w ell 
to  m a k e  a  full ch arac te risa tio n  o f th e  w e ll. T h is  is b e c a u s e  th e  o th e r fe a tu re s  a re  
co n s id erab ly  w e a k e r  but th e s e  a re  exp lo red  in fu rth e r m e a s u re m e n ts  on th is  
m ateria l rep orted  by K la r e t al Klar> 1999b.
Figure 6.5 PSE A<e^ and A<s2> spectra 
measured from the VCSEL structure 
RMB1048. Also shown is a corresponding 
AC mode PR measurement. The features of 
cavity mode, quantum well ground state 
transitions, FKOs and high reflectance 
stopband edges are identified in each 
spectrum.
Energy (eV)
Figure 6.6 Modelled SE ¥  and PSE A<si> 
and R and PR, for VCSEL RMB1048 with 
modulation of the cavity length, quantum well 
composition and DBR layer compositions. 
The features of cavity mode, quantum well 
ground state transition, GaAs bandgap and 
high reflectance stopband edges are 
identified in the figures. The PSE region 
associated with the GaAs bandgap is offset 
and magnified by 10 x for clarity.
In addition the  PR  spectrum  sh o w s th e  familiar FKO fea tu re  a sso c ia ted  with
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th e  G a A s  b an d g ap , w h ich  fo r th is  sam p le , a rises  from  th e  b arrie r m ateria l a s  w e ll 
a s  th e  layers  in th e  D B R s . T h is  fe a tu re  ind icates  tha t th e  A lo G a iA s  com position  is 
re la tive ly  p u re  from  A l co n tam in atio n  b e c a u s e  th e re  is no o b se rve d  bro ad en in g  or 
shift o f th e  b an d g ap  Pollak’ 1993a. If  ap p ro p ria te  it w ould  a lso  b e  poss ib le  to d e te rm in e  
a  v a lu e  fo r th e  in ternal e lec tric  fie ld  in this m ateria l from  a  s tudy  o f th e  F K O s , a s  
d escrib ed  p reviously  in c h a p te r 2  and  e ls e w h e re  in this thes is . T h is  p ro vides  
fu rth e r im p o rtan t in form ation co n cern ing  th e  q uantum  w ell s tructure  in th e  cavity .
M o re  im portantly , th e  P R  spectru m  con ta ins  tw o  o th e r fea tu re s , w h ich  a re  
not c o n n e cted  w ith  th e  critical po ints orAb an d stru c tu re  o f a n y  o f th e  layers . T h e  first 
lies a t th e  s a m e  w a v e le n g th  a s  th e  cav ity  m o d e  dip o b se rve d  in th e  re flec ta n ce  
spectru m . T h is  fe a tu re  is a ss o c ia te d  w ith  th e  cav ity  m o d e  Rowland- 1999ct and  shifts  in 
e n e rg y  to  fo llow  th e  cav ity  m o d e  dip  in th e  R  s p ectra  u n d er a n g le  o r positional 
tun ing. T h is  P R  fe a tu re  is c au se d  by m o d u la ted  c h a n g es  in th e  d ie lec tric  functions  
of th e  cav ity  m ateria l an d  h e n c e  th e  optica l th ickn ess  and  absorp tion  o f th e  cavity . 
T h e  m odulation  le ad s  to  a  slight shift in th e  w a ve le n g th  an d  dep th  o f th e  cav ity  
m o d e  d ip  in th e  R  spectru m  and th e  d iffe re n c e  in re flec ta n ce  lead s  to  th e  A R  
fea tu re . T h is  is a  particu larly  s trong P R  fea tu re , re la ted  to in te rfe re n c e -b a s e d  R  
fe a tu re s  w hich  h a v e  b een  rep orted  fro m  m e as u rem e n ts  o f m u lti-layer s tructures  
previous ly  Kallerg1’ 199°, and  will b e  d iscu ssed  fu rth er in th e  fo llow ing section . Its 
streng th  is d u e  to  th e  s h a rp  c h a n g e s  in R  a sso c ia ted  w ith  it an d  its la rg e  sensitiv ity  
in w a v e le n g th  to  th e  op tica l th ick n es s  o f th e  cavity. T h e re  a re  a lso  sim ilar, w e a k e r  
fe a tu re s  correspond ing  to  th e  e d g e s  o f th e  s topband  in th e  R  spectrum , aga in  
c au se d  by th e  m odulation  o f th e  re frac tive  index, and  h en c e  optical th ickn ess  o f  
th e  m ateria l, in this c a s e  in th e  D B R  layers.
P S E  A < s i>  and  A<S2> s p e c tra  m e a s u re d  from  R M B 1 0 4 8  a re  a lso  p resen ted  
in figure  6 .5 . T h e  m e a s u re m e n ts  w e re  m a d e  in th e  s a m e  w a y  a s  th e  S E  
e xp erim en ts , d escrib ed  previously, w ith  th e  H e N e  la se r o p era tin g  a t 3 m W  and  
6 3 2 .8  nm  for m odulation . T h e  s p e c tra  a re  re la tive ly  noisy, but p o ssess  a  va rie ty  o f  
fea tu res ; a t ap p ro x im a te ly  1 .1 7  e V , th e re  is a  sm all fe a tu re  correspond ing  to th e  
offset e1h h 1  q u an tu m  w ell transition. T h is  can  b e  m odelled  w ith  a  w ell o f nom inal 
w id th  and  com position  o f ln.2sG a.72A s, a lth o u g h  only by studying th e  h igher e n e rg y  
transitions, d escrib ed  later, w a s  it poss ib le  to  c h a ra c te rise  th e  w ell com plete ly .
A t h ig h er en e rg ie s , beyond  th a t o f th e  high re flec ta n ce  s topband , th e  P S E  
s p e ctra  re v e a l th e  F K O s  a ss o c ia te d  w ith  th e  b an d g ap  o f th e  G a A s  m ateria l, s im ilar  
but w e a k e r  to  th e  fe a tu re  o b s e rv e d  in th e  P R . T h e  e n e rg y  an d  th e  period o f th e
F K O s  a re  s im ilar to  th o s e  o b se rve d  from  previo u s  sam p les , a lth o u g h  a  full ana lys is  
w a s  not carried  ou t in th is  c a s e . T h is  is as  e xp ec ted , b e c a u s e  com positions  h a v e  
a lre a d y  b een  d e te rm in ed  to  b e  c lo se  to  nom inal from  th e  S E  an d  R  m odelling  o f  
th e  results. T h e  re la tive ly  poor s ignal to  no ise  ratios o b se rve d  in th e  P S E  s p e ctra  
can  b e  e xp la in ed  by th e  D C  m o d e  n a tu re  o f th e  tec h n iq u e  a s  w ell a s  th e  high  
re flec ta n ce  o f th e  s to p b an d  w h ich  s ignificantly  red u ces  th e  p en e tra tio n  o f th e  p ro b e  
b eam , and  th e  non-un ifo rm ity  o f th e  sam p le . T h is  m a k e s  th e  in terpre tation  o f  
fe a tu re s  s o m e w h a t difficult but it is still possib le  to  identify  th e s e  fe a tu re s  
individually.
T h e  P S E  s p e c tra  c lea rly  s h o w  fe a tu re s  a sso c ia ted  w ith  th e  cav ity  m o d e  
o b se rve d  in th e  S E  sp ectra . In add ition , th e re  a re  w e a k e r  fe a tu re s  ass o c ia te d  w ith  
th e  e d g e s  o f th e  high re flec ta n ce  s to p b an d , and  w ith  th e  subsid iary  in te rfe ren ce  
frin g es  a t h ig h er an d  lo w er e n e rg ie s . A s  w a s  d escrib ed  previous ly  for th e  P R  
m e a s u re m e n t, th e s e  fe a tu re s  a rise  in th e  m od u lated  s p e c tra  a s  a  resu lt o f th e  
c h a n g e s  to  th e  optical th ick n es se s  o f th e  layers  in th e  D B R s  a n d  cav ity  th a t shift 
th e  w a v e le n g th  o f th e  fe a tu re s  in th e  S E  spectru m . T h e ir  s o u rc e  can  b e  confirm ed  
by m akin g  m e a s u re m e n ts  a t vario u s  points acro ss  th e  w a fe r, w h e re  th e  fe a tu re s  
a re  s ee n  to shift w ith  th e  s to p b an d  an d  cav ity  as  a  resu lt o f th e  non-un iform  
grow th . In contrast, th e  fe a tu re s  a s s o c ia te d  w ith  th e  q u an tu m  w ell e1h h 1  and  
G a A s  b an d g ap  a re  s e e n  to  b e  re la tive ly  co n stan t w ith  re sp e ct to position on th e  
w a fe r.
6 .2 iv  M o d e ll in g  o f  T h e  P h o to m o d u la te d  S p e c tra  o f  R M B 1 0 4 8
F ig u re  6.6  sh o w s  th e  m o d elled  S E  an d  R  sp ectra  fo r R M B 1 0 4 8 , d iscu ssed  
previously, a s  w ell a s  m o d elled  P S E  A < e i>  and  P R  s p e c tra  fo r th e  structure . 
T h e s e  m o d els  w e re  con struc ted  in a  s im ila r m a n n e r to  th o s e  d iscu ssed  in section  
2 .3  o f this thes is . S E  an d  R  s p e c tra  w e re  ca lcu la ted  using th e  W o o lla m  so ftw are  
an d  J o n es  a lgorithm  resp ective ly  fo r th e  nom inal s tructure  an d  ag a in  w ith  th e  
alum in ium  co n ten t in th e  D B R  layers  a lte re d  by 1 % . F o r th e  q u an tu m  w e ll, th e  
indium  co n ten t w a s  a lso  a lte red  by 1 %  but th e  bulk d ie lec tric  function  w a s  used  
o n ce  ag a in . T h e  th ick n es se s  o f th e  layers  in th e  cavity  m o d e  w e re  a lso  a lte re d  by  
1 %  to  highlight this p articu la r fe a tu re . A ltho u g h  th e  cho ice  o f m ag n itu d e  fo r th e  
m odifica tions  o f th e  d ie lec tric  fun c tio ns  an d  th ickn ess  is s o m e w h a t arb itrary , th e  
m odel is a  s im ple , valid , m e th o d  fo r s im ulating  th e  m odulation  e ffects .
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F ig u re  6.6  sh o w s  th e  d iffe re n c es  in th e  re flec ta n ce  a n d  th e  real part o f  th e  
p seu d o -d ie lec tric  function  ca lcu la ted  from  th e  nom inal an d  a lte re d  s tructures. T h e  
fe a tu re s  ass o c ia te d  w ith  th e  cav ity  m o d e  d o m in a te  th e  P S E  spectru m  b e c a u s e  th e  
p seu d o -d ie lec tric  function  ado p ts  a  la rg e  v a lu e  a t this point, its lin esh ap e  is 
ind icative  o f a  shift in e n e rg y  o f th e  S E  fea tu re , ra th e r th a n  a  c h a n g e  in p h as e  or 
m ag nitu d e . T h e  fe a tu re s  a ss o c ia te d  w ith  th e  shifts o f th e  high re flec ta n ce  
sto p b an d  e d g e s  a re  a lso  c lear, an d  th e  lo w e r en e rg y  fe a tu re  is s ignificantly  la rg er  
ow ing  to th e  in c reased  abso rp tion  o f th e  m ateria l a t th e  h ig h er e n e rg y  e d g e . 
F e a tu re s  d u e  to  th e  shift o f th e  b a n d g a p  in th e  w ell and  b arrie r (D B R ) m ateria l w ith  
com position  a re  a lso  v is ib le  but a re  s ignificantly  sm alle r than  th e  o ther, s tructural 
b as ed  fea tu re s . T h e  m o d elled  P R  spectru m  is s im ilar a lthough  th e  cav ity  m o d e  
fe a tu re  is less  s ignificant re la tive  to  th e  o th e r in te rfe ren ce  fea tu re s .
6 .2 v  S u m m a ry
T h e  study o f th e  V C S E L  m ate ria l in this section  h as  d em o n s tra ted  th a t  
useful ch aracterisa tio n  o f th e  s tru c tu re  can  b e  provided  by th e  app lica tion  o f th e  
jo in t tec h n iq u e s  o f R  and  P R , an d  S E  an d  P S E  to  th e s e  com p lica ted  s am p les . T h e  
grow th  and  uniform ity  o f th e  s tru c tu res  h a v e  b een  successfu lly  c h a ra c te rise d  
including th e  D B R s , th e  a c tive  reg ion an d  th e  q u an tu m -co n fin ed  m ateria l. T h e  key  
w a v e le n g th s  ass o c ia te d  w ith  th e  q u an tu m  w ell g round s ta te , high re flec ta n ce  
sto p b an d  and  cav ity  m o d e  in eq u a tio n  6 .1  h a v e  b ee n  identified , particu larly  th e  
cav ity  m o d e  w a v e le n g th  w h ich  d e te rm in e s  th e  opera tin g  w a v e le n g th  o f th e  d e v ic e s  
fab ric a te d  from  th e  w a fe r. In add ition , m is -ca lib ra tions  in th e  grow th  o f th e  D B R s  
an d  q u an tu m  w e ll com positions  h a v e  b ee n  identified . S im ila r R  an d  P R  
m e a s u re m e n ts  h av e  a lso  b ee n  p re se n te d  by R o w land  in his P h D  thes is  Rowland> 
1999d. In th e  fo llow ing sec tio n s  th e s e  m e a s u re m e n ts  a re  e x te n d e d  to in ves tig a te  th e  
cav ity  m o d e  an d  q u an tu m  w ell re so n an c e .
6.3. Modelling of The Cavity Mode and Quantum Well 
Resonance.
P re lim in ary  m e a s u re m e n ts  on V C S E L  m ateria l, d escrib ed  in th e  previous  
section , ind icated  th a t th e  optica l tech n iq u es  could  b e  v e ry  usefu l fo r
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ch aracterisa tio n . R  an d  P R  s p e c tra  in particu la r h a v e  show n fe a tu re s  w ith  good  
signal to  n o ise  ratios th a t a llo w  c le a r identification  o f th e  th re e  im portan t 
w a v e le n g th s  for th e  cav ity  m o d e, q u an tu m  w ell and  high re flec ta n ce  s topband . In 
addition  th e  tec h n iq u e s  can  a lso  p ro v ide  in form ation a b o u t th e  s tructure  and  
grow th uniform ity Klar’ 1998, Sa!e’ 200°. T h e re  a re  s o m e  im portan t lim itations, h o w ever, 
particu larly  th a t th e  q u an tu m  w e ll trans ition  is difficult to  o b se rve . T h e  e1h h 1  
transition  is not g en era lly  v is ib le  in R  s p e c tra  an d  its correspond ing  fe a tu re  in th e  
P R  s p e ctra  is s ignificantly  w e a k e r  w h e n  its w a v e le n g th  lies w ith in  th a t o f th e  
w a v e le n g th s  o f th e  high re flec ta n ce  s to p b an d  K,ar’ 1998, Klar’ 1999a. In co n trast th e re  is a  
strong cav ity  m o d e  fe a tu re  in th e  R  a n d  P R  s p e ctra  a t all tim es. In this an d  th e
both
fo llow ing section  it will b e  show n th a t th e  P R  features ass o c ia te d  withAth e  q u an tu m
Ar\ci the m o J g.
w ell e 1 h h 1 transitionAs h o w ' a  s trong e n h a n c e m e n t w h e n  re s o n a n c e 5
Klar -IQQOa "^ **1
raar, 1999a c learly  in d icates  th e  reg ions  o fA
w a fe r  th a t can  b e  used  to p ro d u ce  successfu l d ev ic es  Sa,e’ 200°.
T h e  initial m e a s u re m e n ts  a re  e x te n d e d  in th e  fo llow ing section  including  
m e a s u re m e n ts  m a d e  a t a  v a rie ty  o f  a n g le s  and  positions acro ss  non-un iform  
V C S E L  m ateria l to  tu n e  th e  cav ity  m o d e  an d  q u an tu m  w ell through  re s o n a n c e  Klar’ 
1999a, Kiar, 1999b Q a jc u |a tj0 ns o f th e  R  an d  P R  sp ectra  a s s o c ia te d  w ith  th e  R M B 1 0 4 8  
stru c tu re  to  m odel th e  re s o n a n c e  a re  a lso  p resen ted . A  n ove l lin esh ap e  will b e  
d e v e lo p e d  to  d escrib e  both th e  ind ividual and  com bined  P R  fe a tu re s  a ss o c ia te d  
w ith  th e  q u an tu m  w ell an d  cav ity  m o d e  Klar' 1999a. S o m e  o f th e  m e a s u re m e n ts  and  
in terpre tation  d iscu ssed  in this c h a p te r  h a v e  a lso  b ee n  p re se n te d  by R o w land  
Rowland, i999d jn addition , th e  re s o n a n c e  is exp lo red  by using te m p e ra tu re  an d  
p ressu re  tun ing Vlcente’ 1999. T h e s e  m e a s u re m e n ts  a lso  p rovide  v a lu a b le  in form ation  
con cern ing  th e  e ffec ts  o f te m p e ra tu re  and  p ressure  varia tio n s  on th e  V C S E L  
stru c tu re  a n d  th e  b an d s tru c tu re  o f its com po s ite  m ateria ls . T h ro u g h o u t t h |s e  
m e a s u re m e n ts , optical c h arac terisa tio n  con tin u es  to  p rovide  im portan t in form ation  
con cern ing  th e  g en e ra l g row th  o f th e  V C S E L  s tructure  an d  its un iform ity  both in th e  
grow th  d irection  and  acro ss  th e  p la n e  o f grow th .
6 .3 i R a b i S p li t t in g  in  T h e  C a v ity  I  Q u a n tu m  W e ll  R e s o n a n c e
A n  im portan t a s p e c t o f th e  re so n an c e  b e tw e en  th e  cav ity  m o d e  an d  
q u an tu m  w ell g round  s ta te  e n e rg y  is th e  possibility o f R ab i splitting b e tw e e n  th e  
tw o  fe a tu re s  b e c a u s e  this will a ffe c t th e  d e g re e  o f o ve rla p  b e tw e e n  th e m  Klar* 1999a.
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T h is  is a n  anti-crossing  e ffe c t in d irect a n a lo g y  w ith th e  splitting th a t h as  b een  
o b se rve d  in an  a to m -ca v ity  sys tem  Z h u ’ 1990, Weisbuch- 1 " 2t T ig n o n , 1990 y h @  a n t j _ c r 0 S S j n g  
o f m o d es  can  be o b se rve d  a s  a  m in im um  but fin ite sep ara tio n  b e tw e en  th e m  a t  
re so n an c e . T h e re  h as  b ee n  a  g re a t d ea l o f in terest recen tly  in th e  in teraction  
b e tw e e n  optical m o d es  an d  tw o  d im en sio n a l exc iton ic  s ta te s  such  as  q u an tu m  w e ll 
trans itions  a lthough  R ab i splitting is norm ally  s tud ied  in q u an tu m  m icrocav ities . 
T h e s e  consist o f a  serie s  o f q u an tu m  w e lls  constructed  a t th e  an tin o d es  o f a  cav ity  
w hich  is itse lf e m b e d d e d  in a  high fin e s s e  F a b ry -P e ro t e ta lo n  using a  p a ir o f D B R  
s ta ck s  to  p ro d u ce  a  v e ry  high re flec ta n ce . T h is  s tructu re  is v e ry  s im ilar to  th e  
structure  o f a  V C S E L  an d  th e re fo re  it m ight p erh ap s  a t first b e  e x p e c te d  th a t th e  
R ab i splitting e ffe c t could be im portan t in th e  study o f V C S E L s  and  a ffec t th e  
re so n an c e  b e tw e en  th e  cav ity  m o d e  an d  q u an tu m  w ell.
T h e  s ize  o f th e  R ab i splitting, o r th e  m ag n itu d e  o f th e  m in im um  sep ara tio n  
b e tw e en  th e  tw o  fea tu re s , is found  to  b e  strongly d e p e n d e n t on th e  s trength , 
n u m b er and  position o f th e  q u an tu m  w e lls  in th e  structure , increasing  w ith  th e  
coupling  strength  and  a lso  a s  th e y  a re  brought c lo ser to th e  an tin o d es  o f th e  cav ity  
Tignon, 1996 |n C0 Up|jng b e tw e e n  th e  tw o  fe a tu re s  c an  b e  s tren g th en ed
by increasing  th e  re flec ta n ce  o f th e  D B R s  an d  th e  fin es se  o f th e  optical cavity , or  
by increasing  th e  q u an tu m  w ell osc illa to r s trength  using, fo r e x a m p le , a  m a g n e tic  
field  Ber9er’ 1996. A lte rn a tive ly , th e  sp ectra l w id th s  o f th e  tw o  fe a tu re s  can  be red u ced  
a t lo w er te m p e ra tu re s  th e re fo re  m akin g  a  lo w er m ag n itu d e  o f sep ara tio n  
o b s e rv a b le  Klar' 1999a.
A  q u an tu m  m icrocav ity  is g en e ra lly  d es ig n ed  to  m ax im ise  th e  splitting  
w h e re a s  th e  V C S E L  s tru c tu re  is d es ig n ed  to  o p tim ise  d e v ic e  characteris tics . T h is  
m e a n s  that, in g en e ra l, a  V C S E L  s tru c tu re  will posses  fe w e r  q u an tu m  w e lls  in th e  
cav ity  an d  fe w e r  laye r pairs  in th e  D B R  s ta ck s  th e re b y  reducing  th e  strength  o f th e  
coupling  and  th e  d e g re e  o f R ab i splitting b e tw e en  th e  q u an tu m  w ell transition  and  
th e  cav ity  m o d e  Klar’ 1999a. R ab i splitting is d iv ided  into tw o  reg im es  a lthough  th e  
transition  b e tw e en  th em  is continuous. T h e s e  reg im es  a re  sim ply d e te rm in ed  by  
th e  re la tive  m ag n itu d e  o f th e  splitting an d  th e  sum  o f th e  half-w id th  h a lf-m ax im u m  
(H W H M )  o f th e  exciton  an d  cav ity  m o d es . In th e  s trong-coupling  reg im e  th e  
splitting e x c e e d s  th e  sum  o f th e  H W H M s  but in th e  w e ak -c o u p lin g  reg im e  it d o es  
not an d  will not g en e ra lly  b e  o b s e rv a b le  Berger’ 1996.
It m ay  be  e x p e c te d  th a t th e  d iffe re n c es  in s tructure  b e tw e e n  th e  q u an tu m  
m icrocav ity  and  th e  V C S E L  will lead  to  a  w e a k  coupling b e tw e e n  th e  q u an tu m  w ell
trans ition  and  cav ity  m o d e  in th e  la tte r c a s e , particu larly  s in ce  V C S E L  d e v ic e s  a re  
d es ig n ed  for o p era tio n  n e a r room  te m p e ra tu re . A t room  te m p e ra tu re  re flec ta n ce  
m e a s u re m e n ts  o f V C S E L  m ate ria l h a v e  a lre a d y  show n on ly  a  v e ry  w e a k  fe a tu re  
corresp on d in g  to th e  q u an tu m  w e ll transition  w h ile  th e  re s o n a n c e  is only o b se rve d  
in a  d ee p en in g  in th e  cav ity  d ip  K,ar’ 1999a’ K,ar’ 1999b. A ltho u g h  R  is th e  tech n iq u e  
g en e ra lly  used  to o b s e rv e  R ab i splitting in q u an tu m  m icro cav ities  Houdre’ 1994, only  
o n e  inc id en ce  h as  b ee n  rep orted  o f such o b serva tio n s  in a  V C S E L  structure .
In co n trast to  th e  o b se rva tio n s  in th e  R  spectra , th e  q u an tu m  w ell an d  cav ity  
m o d e  fe a tu re s  a re  both c learly  v is ib le  in th e  P R  m e as u rem e n ts , a s  d em o n s tra ted  
in fig u re  6 .5 . A dditionally , fe a tu re s  in th e  m od u lated  s p e c tra  o ften  p o ssess  a  
n a rro w e r spectra l w idth , w h ich  should  im p ro ve  th e  opportun ity  o f observ in g  th e  
e ffec t o f R ab i-sp litting  in th e  re so n an c e . T h e  com plex ity  o f th e  com bined  lin esh ap e  
o b served  in th e  P R  s p e ctra  a t re s o n a n c e  Klar’ 1999a, as  will b e  d em o n s tra ted  in th e  
fo llow ing section , m a k e s  it d ifficult to d e te rm in e  th e  e x a c t e n e rg y  o f th e  individual 
fea tu re s . T o  fully e x a m in e  th e  re s o n a n c e  it will th e re fo re  b e  n ec es s ary  to  d ev e lo p  
e n e rg y  d e p e n d e n t lin esh ap es  to fit both fe a tu re s  in th e  m o d u la ted  spectra .
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6 .3 ii  R e f le c ta n c e  M o d e ll in g  o f  T h e  R e s o n a n c e
T o  begin  to  e x a m in e  th e  e ffe c ts  o f R ab i splitting in th e  cav ity  m o d e  /  e1h h 1  
re so n an c e , re flec ta n ce  s p e ctra  w e re  used . F o r this  a  s im p le  m odel o f  th e  q u an tu m  
w ell, cav ity  m o d e  re s o n a n c e  w a s  con struc ted . T h is  cons is ted  o f  a  J o n es  m odel o f  
th e  re flec ta n ce  o f th e  nom inal R M B 1 0 4 8  s tructure  using th e  lite ratu re  v a lu e s  for 
th e  d ie lectric  functions o f th e  m ateria ls . T h e  d ie lectric  function  o f th e  q u an tu m  w ell 
la ye r w a s  re p res en ted  by th e  function  fo r bu lk  ln.28G a .72A s  to  w h ich  th e  a p p ro p ria te  
parts  o f a  s im p le  L o ren tz ian  osc illa to r w a s  ad d ed , both th e  absorp tion  e d g e  o f th e  
bulk  m ateria l an d  th e  osc illa to r w e re  sh ifted  to th e  cho sen  e n e rg y  o f th e  q u an tu m  
w ell ground s ta te  to a cco u n t fo r th e  e ffec ts  o f q u an tu m  co n fin em en t. T h e  rea l an d  
im ag in ary  parts  o f th e  L o ren tz ian  osc illa to r used  a re  d escrib ed  by;
,6 .3 )  a n d . , . ,  * ....... ,  (6 .4 ) ,
(e - e J + t 2
w h e re  A  is th e  a m p litu d e  and  r i s  th e  spectra l w idth  o f th e  oscillator, and  E0 is th e  
shifted  b an d g ap  e n e rg y  o f th e  e 1 h h 1 .
T o  s im u la te  th e  re so n an c e , th e  e n e rg y  o f th e  osc illa to r function and  bulk  
b a n d g a p  w a s  m o ved  p ro g ress ive ly  through  th a t o f th e  cav ity  m o d e  a s  sho w n  in
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fig u re  6 .7 . In this c a s e  th e  spectra l w id th  o f th e  oscillator w a s  d e lib era te ly  ch o sen  
to  b e  artific ially  n arro w  (1 m e V ), a n d  th e  am p litud e  artific ia lly  large; (~  1 0 '3), in 
o rd er to e n h a n c e  th e  m ag n itu d e  o f th e  splitting and  m a k e  it m o re  v is ib le  in th e  
spectra .
Figure 6.7 Calculated R spectra 
modelled for VCSEL structure 
RMB1048 with the quantum well 
e1hh1 stepped through resonance 
with the cavity mode. Successive 
spectra are offset for clarity. The 
spectrum at resonance is identified 
by a darker line and an asterisk.
Energy (eV)
F ig u re  6 .7  sho w s th e  
m o d elled  re s o n a n c e  b e tw e e n  
th e  cav ity  m o d e  an d  th e  
q u an tu m  w ell fo r R M B 1 0 4 8 . 
A s  th e  tw o  fe a tu re s  ap p ro ach  
e ac h  o th e r th e re  is a  c le a r  
in teraction  b e tw e en  th em . 
T h e re  a re  a lw ays  tw o  
s e p a ra te  fe a tu re s  in th e  
spectra , h o w ever, and  e v e n  
w h e n  th e  q u an tu m  w e ll’s  
p rogression  through th e  cav ity  m o d e  is s tud ied  in fin e r deta il th e re  is n e v e r a  
p erfe c t o verlap , o r s ingle  d ip  in th e  re flec tan ce . T h e s e  resu lts  a re  s im ilar to th o s e  
w hich  h av e  b ee n  d escrib ed  in m o re  d eta il e ls e w h e re  Houdre’ 1994. It should  b e  noted  
that; in th e  real s ituation  a t room  te m p e ra tu re  it is th e  cav ity  m o d e  th a t is m o ved  
through  th e  q u an tu m  w e ll transition  e n e rg y  by an g le  or position tuning but this  c a s e  
w ould  b e  m o re  co m p lica ted  to  m odel.
F u rth e r m odelling  o f th e  e ffec ts  o f th e  re so n an c e  w a s  carried  out w ith  th e  
q u an tu m  w ell osc illa to r in re s o n a n c e  w ith  th e  cav ity  m o d e  fea tu re , a t ~  1 .2 1 8  e V , 
w hich  in figure  6 .7  is ind icated  w ith  an  asterisk . A s  th e  q u an tu m  w ell e1hh1  
o scillator am p litud e  is re d u c ed  from  th e  v a lu e  ch o sen  fo r th e  initial m odelling  
to w ard s  th a t o f a  typ ical v a lu e  ta k e n  from  fits to m e a s u re m e n ts  in th e  lite ratu re  Klar’ 
th e  s ep ara tio n  b e tw e e n  th e  tw o  dips in th e  R  spectru m  b ec o m es1999a
ind iscern ib le . S im ilarly; a s  th e  sp ectra l w id th  o f th e  w ell osc illa to r is in c reased  from  
th e  initial v a lu e  to a  typical v a lu e  from  th e  lite ratu re  Klar’ 1999a, th e  s ep ara tio n  o f  th e  
tw o  d ips in th e  R  spectru m  is no lo n g er v isible. A s  w ou ld  b e  e xp ec ted  from  th e  
previous  w o rk  Houdre’ 1994 R ab i splitting is not v is ib le  b e tw e en  th e  cav ity  m o d e  and  
q u an tu m  w ell e1h h 1  fe a tu re s  in R  s p e c tra  for typ ically  e n c o u n te red  oscillator 
fe a tu re s  a sso c ia ted  w ith  e 1 h h 1 . T h e  R ab i splitting is only d is ce rn ab le  w h e n  th e  
w ell osc illa to r a m p litu d e  is m o re  th a n  a b o u t 5 0  x  th e  lite ra tu re  va lu es , an d  th e  
spectra l w id th  o f th e  osc illa to r m ust a lso  b e  less than  a b o u t h a lf o f th e  lite ratu re  
v a lu e s  fo r splitting to  be c learly  o b se rve d . S u ch  v a lu e s  a re  unlikely  b e c a u s e  
coupling b e tw e e n  m ultip le  w e lls  in th e  cav ity  m ight in c rea se  th e  osc illa to r s trength  
but w o u ld  a lso  g en e ra lly  in c rea se  th e  spectra l w idth  o f th e  oscillator.
T h e  m odels  ind icate  th a t R ab i splitting will not b e  s ignificant fo r th e  V C S E L  
s tructures  s tud ied  h ere  b e c a u s e  o f th e  fe w e r  n u m b ers  o f q u an tu m  w e lls  re la tive  to  
a  q u an tu m  m icrocav ity  reduc ing  th e  s trength  o f the  in teraction  b e tw e en  th e  e1h h 1  
and  th e  cav ity  m o d e. In fact, th e  d e g re e  o f splitting is know n to  s ca le  a p p ro x im ate ly  
w ith th e  s q u a re  root o f th e  n u m b er o f q u an tu m  w e lls  in th e  cav ity  K,ar’ 1999a. T h e  
non-un iform ity  o f th e  V C S E L  s tru c tu re  a cro ss  th e  p lan e  o f g row th  a s  w e ll a s  th e  
e ffec ts  o f th e  e xp erim e n ta l a p p a ra tu s  will a lso  tend  to in c rea se  th e  b ro ad en in g  o f  
th e  fe a tu re s  an d  re d u c e  th e  a p p a re n t fin es se  o f th e  cavity . T h e s e  tw o fac to rs  will 
a lso  ten d  to re d u c e  th e  s ig n ificance  o f th e  R ab i splitting in th e  actu a l 
m e as u rem e n ts .
6 .3 i i i  P R  L in e s h a p e  D e v e lo p m e n t  F o r  T h e  C a v ity  M o d e
T h e  a b o v e  a rg u m en ts  a p p e a r  to  confirm  th a t it is un likely  to  b e  poss ib le  to  
o b s e rv e  th e  R ab i splitting in R  m e a s u re m e n ts  on typical V C S E L s . It h as  a lre a d y  
b een  show n th a t P R  m e a s u re m e n ts  p o ssess  a  g re a t sensitiv ity  to  th e  cav ity  m o d e  
and th e  q u an tu m  w ell e1h h 1  h o w ev e r. T h e  n ex t s tep  is to  e x a m in e  th e  P R  o f th e  
re s o n a n c e  fo r th e  V C S E L . C o ns id erin g  equ ation  2 .6  w h ich  d escrib es  th e  P R  
spectru m , th e  q u an tu m  w e ll e1h h 1  fe a tu re  is a sso c ia ted  w ith  th e  m odulation  o f th e  
d ie lec tric  function o f th e  q u an tu m  w e ll m ateria l and  can  b e  d escrib ed  initially, by a  
d ifferentia l o f a  Loren tzian  osc illa to r using th e  equ a tion s  2 .1 5  and  2 .1 6 , d iscu ssed  
in section  2 .3  an d  in m o re  deta il by G lem b o ck i Glembockl- 1992 T h is  tre a tm e n t  
a s s u m e s  no inhom o g en e ity , s tra in  o r coupling  in th e  q u an tu m  w e lls  e a c h  o f w h ich  
w o u ld  a ffec t th e  spectra l w id th  or m ag n itu d e  o f th e  lin esh ap e. T h e  cav ity  m o d e
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fe a tu re  is a ss o c ia te d  w ith  th e  m odu lation  o f th e  en tire  s tru c tu re  h o w e v e r an d  is 
th e re fo re  d escrib ed  by th e  S e ra p h in  coeffic ients . T h is  m e a n s  th a t it is not poss ib le  
w ith  V C S E L s  to  a s s u m e  th a t th e  S e ra p h in  coeffic ients , a  an d  (3, a re  c o n s tan t o v e r  
th e  e n e rg y -ra n g e  o f th e  q u an tu m  w e ll transition  w h e n  it is in c lo se  proxim ity  to th e  
cav ity  m ode.
Figure 6.8 Seraphin coefficients calculated by 
approximate numerical differentiation for
VCSEL structure RMB1048 (filled circles). 
Also shown are the Seraphin coefficients 
calculated from the lineshape models, as 
discussed in the text (solid lines).
T h e  orig ins o f th e  cav ity  m o d e  
P R  fe a tu re  can  be qu a lita tive ly  
exp la in ed , by considering  th e  e ffec ts  
o f photom odu lation  on th e  cav ity
m ateria l. C h a n g e s  in th e  re frac tive  
in d ex  o f th e  m ateria l in th e  cav ity  will 
ten d  to a lte r its optical th ickn ess  an d  
shift th e  spectra l position o f th e  cav ity  
m ode, w hich  will b e  o b se rve d  in a  (s i). 
Likew ise , c h a n g es  in th e  abso rp tion  o f th e  m ateria l in th e  cav ity  w ill a lte r th e  dep th  
o f th e  dip, w h ich  will th en  b e  o b se rve d  in (3 (e2) K,ar’ 1999a.
T h e  c h a n g e s  in th e  re flec tan ce , c au se d  by th e  in teraction  o f th e  cav ity  m o d e
an d  th e  q u an tu m  w ell fea tu re s , will th e re fo re  b e  c rea te d  from  th e  m ultip lication o f  
th e  e q u a tio n s  fo r th e  c h a n g e s  in th e  d ie lec tric  function  a n d  th e  S e ra p h in  
coeffic ien ts  using eq u a tio n  2 .6  from  sectio n  2 .3 . T h is  a s s u m e s  neg lig ib le  m ixing o f 
th e  te rm s  d u e  to, fo r e x a m p le , in h o m o g en e ity  o f th e  field. T h is  is unusual b e c a u s e  
fe a tu re s  in m o d u la ted  s p e ctra  a re  norm ally  fitted w ith s e p a ra te  c h a n g e s  to th e  
d ie lec tric  function  only an d  th e re fo re , w h e n  th ey  a re  co inc id en t in en erg y , th e  
contributions from  both fe a tu re s  a re  n orm ally  a d d e d  to g e th er. E qu atio n  2 .6  sho w s  
th a t th e  cav ity  m o d e  an d  q u an tu m  w ell P R  fe a tu re s  will b e  m ultip lied to g e th e r a t  
re s o n a n c e  h o w ever. T h is  m e a n s  th a t th e  lin esh ap es  fo rm ed  can  b e  used  to fit both
th e  individual cav ity  m o d e  a n d  q u an tu m  w e ll fe a tu re s  a s  w e ll a s  th e  la rg e
Cavity M ode Energy
Energy (eV )
e n h a n c e m e n t an d  lin e sh a p e  c h a n g e s  o b se rve d  w h e n  th e y  in te rac t a t re s o n a n c e
Klar, 1999a
F ig u re  6.8  sh o w s  th e  S e ra p h in  coeffic ien ts  ca lc u la te d  by a p p ro x im a te  
num erica l d iffe rentia tion  o f th e  R  spectru m  fo r R M B 1 0 4 8  w ith  re sp e c t to  th e  
d ie lec tric  function  o f th e  q u an tu m  w e ll, a s  d escrib ed  in c h a p te r 2 .3 . A s  c an  b e  s ee n  
in th e  figure, a  s h arp  fe a tu re  a s s o c ia te d  w ith  th e  cav ity  m o d e  d o m in a te s  th e  
s p e c tra  o f both th e  real an d  im ag in ary  parts . T h is  is c au se d  by th e  c h a n g e s  in th e  
rea l an d  im ag in ary  p arts  o f th e  d ie lec tric  function  o f th e  cav ity  m ateria l. F ig u re  6.8 
a lso  sho w s a  m odel o f th e  S e ra p h in  coeffic ien ts  b ased  on th e  real an d  im ag in ary  
parts  o f a  Lo ren tz ian  lin e sh a p e  w h ere :
<6-5) “"d (6-6)-
E c an d  r c a re  th e  e n e rg y  position an d  b ro ad en in g  o f th e  functions  a s  usual a n d  f  
and  E  a re  add itiona l am p litu d e  term s. T h e  sim plified m odel is a  satis facto ry  
app ro x im ation  fo r th e  S e ra p h in  coe ffic ien ts  d e te rm in ed  by d ifferentia tion , k T  » tnwJk*,
to  FollovufcUc. t y p e . eC-faz.cts>.
6 .iv  P R  C a lc u la t io n s  o f  T h e  R e s o n a n c e
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T h e  P R  lin e sh a p es  can  th en  b e  u sed  to  m odel th e  re s o n a n c e  b e tw e en  th e  
cav ity  m o d e  and  q u an tu m  w ell in th e  s a m e  m a n n e r in w h ich  th e  re flec ta n ce  
s im ula tions  w e re  con struc ted . T h e  q u an tu m  w ell e1h h 1  w a s  s tep p ed  in e n e rg y  
pro g ressive ly  through  th e  cav ity  m o d e  o n ce  aga in  an d  th e  c h a n g e s  in th e  
lin esh ap e  a sso c ia ted  w ith  th e  re s o n a n c e  a re  d em o n s tra ted  in figure  6 .9 . T h e  
qu an tu m  w ell osc illa to r m ag n itu d es  an d  w id th s  w e re  th e  s a m e  a s  th o se  used  fo r  
th e  R  calcu latio n s  and  th e  S e ra p h in  co e ffic ien ts  w e re  a lso  ch o sen  to h a v e  s im ila r  
spectra l w id ths  but m ag n itu d es  o f a b o u t 1 0 "io s im ilar to  th e  m ag n itu d e  d e te rm in ed  
by fitting m e a s u re m e n ts  from  th e  lite ra tu re  K,ar’ 1999a. E qu atio n  2 .6  sho w s th a t th e  
P R  is s im ply a  function  o f th e  S e ra p h in  coeffic ien ts  and  d ie lec tric  ch an g es , i.e . th e  
cav ity  and  q u an tu m  w ell* S in ce  th e s e  a re  d efined  by th e  lin esh ap es  a lrea d y  
d escrib ed , th e  e n e rg ie s  o f th e  fe a tu re s  a re  d e te rm in ed  by th e  m odel an d  c an n o t be  
in fluenced  by e a c h  o ther. T h e re fo re  th e  lin esh ap e  m odel is only valid  in th e  w e a k  
field reg im e.
F ig u re  6 .9  sho w s tha t th e re  is a  s ingle  p e a k  o b served  in th e  m o d elled  P R  s p ectra  
as  th e  tw o  fe a tu re s  in teract a t  re so n an c e . T h e  s eries  o f s p e c tra  a lso  show , 
h o w ever, th a t th e  e n e rg y  o f th e  p e a k  a ss o c ia te d  w ith  th e  cav ity  m o d e  fe a tu re  d o es
shift a s  th e  q u an tu m  w eli p as se s  throu g h  it. T h is  ind icates  th e  im p o rtan ce  o f a  full 
lin e sh a p e  fit to  th e  P R  d a ta  b e c a u s e  th e  p e a k s  do  not n ecessarily  ind icate  th e  
e x a c t e n e rg y  o f th e  fea tu re s . M o re  s ign ificant is th e  la rg e  e n h a n c e m e n t in th e  
signal s trength  o f th e  P R  fe a tu re s  a s  th e y  p ass  through re so n an c e .
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Figure 6.9 Calculated PR spectra modelled 
for VCSEL structure RMB1048 with the 
e1hh1 quantum well transition stepped 
through resonance with the cavity mode. 
Successive spectra are offset for clarity. The 
spectrum at resonance is identified by a 
darker line and an asterix. The numbers on 
the left hand side of the graph indicate the 
multiplicative factor required to make ail the 
spectra approximately the same size for 
clarity.
Quantum Well Energy (eV)
Figure 6.10 The energy position of the cavity 
mode as a function of the energy of the 
quantum well e1hh1 transition from R 
calculations through resonance (filled circles 
and line). Also shown are the signal 
strengths of the cavity feature in the R and 
PR calculations as a function of the energy 
of the e1hh1 transition (solid lines)
T h e  n atu re  o f th e  P R  m odelling  m e a n s  th a t c h a n g e s  to  th e  in tensity  and  
spectra l w id th  o f th e  fe a tu re s  can  b e  m a d e  sim ply by a lte ring  th e  a m p litu d e  or 
b ro ad en in g  o f th e  ind ividual functions. T h e  c h a n g e s  will a lte r th e  m ag n itu d e  o f th e  
re s o n a n c e  e n h a n c e m e n t but th e re  is no c h a n g e  in th e  lin e sh a p es  th e m s e lv e s  and , 
o f cou rse, th e  R ab i splitting can  n e v e r  b e  p resent. It is w orth  noting h o w ever, th a t  
th e  m ag n itu d e  o f th e  e n h a n c e m e n t in s ignal s trength  in c rea se s  a s  th e  spectra l
w idth  o f th e  tw o  fe a tu re s  d e c re a s e s , this is a cc o m p a n ie d  by th e  im proved  
resolution  o f th e  e n e rg ie s  o f th e  fe a tu re s  as  th e ir w id ths  d e c re a s e .
T h e  results  from  th e  R  an d  P R  m odelling  o f re s o n a n c e  a re  sum m arised  in 
fig u re  6 .1 0 . T h is  sho w s th e  e n e rg y  o f th e  cav ity  m o d e  d e te rm in ed  from  th e  
m o d elled  R  s p e c tra  a s  a  function  o f th e  en e rg y  o f th e  q u an tu m  w ell, and  c learly  
sho w s th e  repulsion  o f th e  c av ity  m o d e  from  its nom inal e n e rg y  a s  th e  e1h h 1  
e n e rg y  p a s s e s  through re so n an c e . T h e  R ab i splitting e ffe c t is not p resen t in th e  
correspond ing  P R  b e c a u s e  o f th e  m odelling  app ro ach  used . F ig u re  6 .1 0  a lso  
sho w s th e  s ignal s trength  o f th e  p e a k  /  dip o f th e  cav ity  fe a tu re  in th e  P R  /  R  
s p e ctra  a s  a  function o f th e  q u an tu m  w ell energ y. T h is  sh o w s  th e  e n h a n c e m e n t in 
th e  P R  fe a tu re  to b e  s ignificantly  la rg er th an  for th e  fe a tu re  in R  a t re so n an c e . T h e  
e ffec ts  o f re so n an c e  will b e  co n s id ered  fu rth e r in te rm s  o f m e a s u re m e n ts  m a d e  on  
V C S E L  m ateria l in th e  fo llow ing section .
T h e s e  s im p le  s im u la tions  h a v e  show n th a t it is un likely  th a t R ab i splitting will 
be o b se rve d  w ith in  th e  p red icted  s ca les  o f exp erim en ta l resolution  and  th e  strength  
o f coupling b e tw e en  th e  cav ity  m o d e  an d  q u an tu m  w ell transition  in th e  V C S E L  
structures. T h e y  h a v e  a lso  b ee n  helpful in considering  th e  lin esh ap e  fo r th e  P R  
fe a tu re  ass o c ia te d  w ith  th e  cav ity  m ode. T h e  m e a s u re m e n ts  th a t fo llow  will e xp lo re  
th e  re so n an c e  in deta il u n d er d iffe ren t c ircu m stan ces  an d  a llo w  th e  n e w  P R  
lin esh ap e  for th e  cav ity  m o d e  to b e  e v a lu a te d . It is im p o rtan t to  n o te  h o w ever, th a t 
if th e re  is significant R ab i splitting o b s e rv e d  in th e  re so n an ce , th en  th e re  m a y  b e  
d iscrep an cy  in th e  m o d elled  an d  m e a s u re d  P R  d a ta  d u e  to  th e  n a tu re  o f th e  m odel 
cho sen .
6.4 Experimental Studies of The Resonance Between The 
Cavity Mode and Quantum Well Energy States
6 .4 i L o w  T e m p e r a tu r e  M e a s u r e m e n ts  o f  T h e  C a v ity  M o d e  /  Q u a n tu m  W e ll  
e 1 h h 1  R e s o n a n c e  o f  T h e  R M B 1 0 4 8  V C S E L  S tru c tu re
It h as  a lre a d y  b ee n  m en tio n ed  th a t a  m iscalib ration  in th e  indium  
com position  o f th e  q u an tu m  w ell in th e  V C S E L  R M B 1 0 4 8  s tructure  resu lted  in a  
s ep ara tio n  b e tw e en  th e  e n e rg ie s  o f th e  cav ity  m o d e  an d  q u an tu m  w ell e1hh1  
transition  o f a t leas t -  5 0  m e V  a t room  tem p e ra tu re . T o  bring th e s e  tw o  fe a tu re s
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into a p p ro x im a te  re s o n a n c e  th e  s a m p le  w a s  coo led  to  a p p ro x im a te ly  2 0 0  K  using  
th e  liquid n itrogen cold fin g er c ryo s ta t d escrib ed  in section  3 .3 . T h e  s ignificant non­
uniform ity  o f this s am p le  a cro ss  th e  p la n e  o f grow th, a lso  d iscussed  previously , 
m e a n t th a t it w a s  th en  p oss ib le  to s e le c t a  reg ion a long  th e  d ia m e te r o f th e  
R M B 1 0 4 8  w a fe r  w h e re  th e  cav ity  m o d e  and  q u an tu m  w e ll e1h h 1  transition  
e n e rg ie s  will p ass  through  re s o n a n c e  a t 2 0 0  K.
F ig u re  6 .11  sh o w s  s u c ce s s iv e  R  an d  P R  m e a s u re m e n ts  ta k e n  acro ss  th e  
reg ion o f re s o n a n c e  o f R M B 1 0 4 8 . E a ch  spectru m  w a s  m e as u red  a t norm al 
in c id en ce  and  w a s  s e p a ra te d  by 1 m m  a long  th e  d ia m e te r o f th e  w a fe r  a s  ind icated  
on th e  right h and  s ide  o f th e  g raph s . T h e  e xp erim e n ts  had  a  spectra l resolution  o f 
~  1 .5  m e V  and  th e  s am p le  w a s  m o d u la ted  using th e  H e N e  la s e r o p era tin g  a t 6 3 2 .8  
nm  an d  w ith  an  o u tpu t p o w er s ca led  dow n to  ~  0 .8  m W  to re d u c e  
p h o to lu m in escen ce . T h e  R  s p e c tra  s h o w  th e  high re flec ta n ce  s to p b an d  an d  th e  
cav ity  m o d e  dip  c learly . T h e  q u an tu m  w e ll e1h h 1  transition  is on ly  s e e n  w e a k ly  as  
a  s h o u ld er a t th e  e d g e  o f th e  cav ity  dip  but its position can  be in ferred  from  th e  
in c reased  depth  o f th e  cav ity  m o d e  dip w h e n  it is a t a  h ig h er e n e rg y  than  th e  w ell. 
T h e  in c reased  depth  o f th e  d ip  c o rresp o n d s  to th e  in c rea se d  absorp tion  in th e  
cav ity  m o d e  m ateria l a b o v e  th e  ground  s ta te  e n e rg y  o f th e  w ell.
T h e  P R  s p ectra  m e a s u re d  through  th e  re so n an ce , show n a s  th e  o p en  
c irc les  in fig u re  6 .1 1 , d em o n s tra te  th e  c le a r fea tu re s  a s s o c ia te d  w ith  th e  cav ity  
m o d e  an d  q u an tu m  w ell e1h h 1  trans itions . T h e  fe a tu re s  a re  v is ib le  ind iv idually  and  
then , a s  th e  cav ity  m o d e  m o v es  w ith  position on th e  w a fe r  through  th e  e n e rg y  o f  
th e  q u an tu m  w e ll, a  com p lica ted  lin esh ap e  e m e rg e s  w ith  an  e n h a n c e m e n t a t 
re s o n a n c e  o f a  fa c to r o f 2 5 . T h is  e n h a n c e m e n t is ind icated  by th e  scaling  fac to rs  
on th e  left hand  s id e  o f th e  g raph . T h is  re s o n a n c e  e ffec t in d icates  th a t P R  can  be a  
v ery  useful tec h n iq u e  fo r ch aracteris in g  V C S E L  m ateria l in te rm s  o f finding  
positions on a  w a fe r  w ith  n on-un ifo rm  grow th  from  w h ich  d e v ic e s  could  be  
fab ric a te d  and  o p era ted  successfu lly . T h is  is d iscussed  fu rth e r in th e  fo llow ing  
chap ter.
F ig u re  6 .11  a lso  sh o w s  solid lines in e ac h  P R  spectru m  correspond ing  to  
th e  fit to  th e  tw o  fe a tu re s  using th e  lin e sh a p es  describ ed  e a rlie r  in this section . T h e  
a g re e m e n t is s ee n  to be v e ry  good e x c e p t p e rh ap s  a t 4  m m  in th e  re so n an c e  
w h e re  th e  lin e sh a p e  m o d els  a re  p e rh a p s  not qu ite  su itab le . T h e  p h as e  c h a n g e  
o b se rve d  in th e  last s p e c tra  w h e re  th e  cav ity  m o d e  h as  m o ved  to its h ighest 
e n e rg ie s  is c au se d  by th e  beg in n in g s  o f a  fu rth e r in teraction  b e tw e e n  th e  cav ity
m o d e  an d  a  h ig h er e n e rg y  q u an tu m  w ell transition. By including an  add itiona l 
oscilla to r in th e  m odel, co rresp on d in g  to  th e  e 1 h h 2  transition, th e  good a g re e m e n t  
w ith  th e  m e as u red  d a ta  is m a in ta in ed .
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Figure 6.11 R (solid lines) and PR (open 
circles) spectra measured from VCSEL 
sample RMB1048 through resonance 
between the cavity mode and quantum well 
e1hh1 transition by position tuning. The 
spectra were measured at 1 m m  intervals 
and are offset for clarity, as indicated on the 
right hand side of the graph. The numbers on 
the left hand side of the graph of PR spectra 
indicate the multiplicative factor required to 
make all the spectra approximately the same 
size for clarity. The solid lines in the PR 
spectra indicate fits to the data, as discussed 
in the text.
Figure 6.12 The energy of the cavity mode 
(open squares) measured from R spectra 
and the energies of the cavity mode (filled 
diamonds) and e1hh1 quantum well 
transition (filled circles) measured from PR 
spectra as a function of position across the 
wafer diameter of RMB1048 at 200 K. The 
bars on the PR data indicate the H W H M  
values obtained in the fits to the data. Also 
shown, on a logarithmic scale, are the signal 
strengths of the cavity mode feature 
measured from R (open triangles) and PR * 
(filled triangles) spectra as a function of 
position on the sample.
T h e  fit p a ra m e te rs  fo r th e  q u an tu m  w e ll and  cav ity  m o d e  fe a tu re s  a re  
su m m arised  in ta b le  6 .1  a long  w ith  th e  e n e rg y  o f th e  q u an tu m  w ell e1hh1 transition
ca lcu la ted  fo r th e  nom inal w e ll m ateria l an d  ln.28G a .72A s  Sliver’ 1. T h e  v a lu e s  fitted  to  
th e  m odel p a ra m e te rs  a re  fa irly  co n s ta n t throu g h o u t th e  se rie s  o f m e a s u re m e n ts  
e x c e p t fo r th e  e n e rg y  o f th e  cav ity  m o d e, w h ich  m o v es  through  th e  re s o n a n c e  a s  
e xp ec ted . T h e  ability  to  fit lin e sh a p es  to  th e  individual fe a tu re s  is particu larly  
im portan t w h e n  th e  cav ity  m o d e  an d  q u an tu m  w ell a re  c lo se  to re s o n a n c e  b e c a u s e  
it a llo w s  d e te rm in a tio n  o f th e ir ind iv idual e n e rg ie s  e v e n  though  it is difficult to  
discern  th e  individual lin esh ap es . T h is  is esp ec ia lly  im p o rtan t in cons idering  a n y  
R ab i splitting e ffec ts  w h ich  m a y  o cc u r a t  re so n an c e , a s  d iscu ssed  e a rlie r in th e  
section .
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0 0 1 CO l2 ( 1 0 ‘1°  (e V )3) T c (m e V ) T qw  (m e V ) E qw  (e V ) 0 (°)
0 .5  ±  0 .4 4 .4  ±  1 .8 1 .7  ± 0 .1 1 .8 ±  0 .3 1 .2 2 9 4  ±  
0 .0002
7  ±  
2 8
T h e o re tic a l e 1 h h 1 (no m ) 1 .3 0 8
T h e o re tic a l e1hh1 (+ 6%  In) 1 .2 2 0
Table 6.1 Summary of the model parameters used to fit to the quantum well e1hh1 and cavity 
mode PR lineshapes at resonance for VCSEL sample RMB1048 at - 200 K. Theoretical values for 
the e1hh1 transition energy of the nominal and adjusted quantum well are also included for 
comparison.
F ig u re  6 .1 2  s u m m arise s  th e  m e a s u re m e n ts  through reso n an ce; th e  u p p er  
plots s h o w  th e  e n e rg y  o f th e  q u an tu m  w e ll e1hh1 d e te rm in ed  from  th e  P R  an d  th e  
cav ity  m o d e  from  th e  R  an d  P R  sp ectra . T h e  e n e rg y  o f th e  q u an tu m  w e ll is s ee n  to  
b e  re la tive ly  con s tan t a c ro s s  th e  non-un ifo rm  w afe r, w h e re a s  th e  e n e rg y  o f th e  
cav ity  m o d e  is s ee n  to  v a ry  ap p ro x im a te ly  linearly  acro ss  th e  w a fe r. T h e  
a g re e m e n t b e tw e en  th e  positions m e a s u re d  in R  and  P R  a re  w ith in  th e  ra n g e  o f  
uncerta in ty  in th e  m e a s u re m e n ts . T h e  lo w er plots a lso  s h o w  th e  s ignal s trength  o f  
th e  cav ity  fe a tu re  m e a s u re d  from  th e  R  an d  P R  spectra . T h is  c learly  show s th e  
a d v a n ta g e  o f P R  fo r identifying th e  re s o n a n c e  a s  show n in th e  results  o f th e  
calcu la tio n s  d iscu ssed  e a rlie r  in this  section .
T h e  cav ity  m o d e  an d  q u an tu m  w e ll e1hh1 trans itions  a re  in a p p ro x im a te  
re s o n a n c e  a t th e  4  m m  position on th e  w a fe r. T h e  m in im um  e n e rg y  d iffe re n c e  
b e tw e e n  th e  tw o  fe a tu re s  a t this point is »  3 .6  m eV . In com parison , th e  sum  o f th e  
half-w id th  h a lf-m a x im a  (H W H M ) is »  4  m e V . T h is  sho w s th a t th e  m axim um  R ab i 
splitting th a t occurs  m ust be less  th an  3 .5  m e V  an d  can n o t b e  reso lved  in th e s e
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m e a s u re m e n ts . In add ition , a s  sh o w n  in fig u re  6 .1 2 , a n y  d isc re p an c ies  b e tw e en  
th e  e n e rg y  o f th e  cav ity  m o d e  d e te rm in ed  from  th e  R  an d  P R  m e as u rem e n ts , 
w hich  m ight a lso  ind icate  splitting, a re  w ith in  exp erim e n ta l limits.
T h is  confirm s th e  pred ictions  from  th e  ca lcu lations  d escrib ed  e a rlie r  in this  
section . T h e  resu lts  a re  a lso  in good  a g re e m e n t w ith o th e r rep orted  stud ies. F o r  
e x a m p le  F is h e r e t al. o b se rve d  a  R ab i splitting o f ~  4 .6  m e V  b e tw e e n  th e  cav ity  
m o d e  an d  q u an tu m  w ell e1h h 1  transition  fo r a  m icro -cavity  s tructure  w ith  th re e  
G a A s  q u an tu m  w e lls  in th e  c en tre  o f a  A,-long A I.2G a.sAs c av ity  and  w ith 2 0  pair  
A lA s  /  A l.uG a.seA s D B R s  a t top  a n d  bottom  F,sher’ 1995. A ssu m in g  th a t th e  cav ity  is 
c o m p a ra b le  to  th a t o f th e  R M B 1 0 4 8  s tru c tu re  and  th a t th e  splitting s ca les  w ith  th e  
s q u a re  root o f th e  n u m b er o f q u an tu m  w e lls  Klar’ 1999a th en  th e  R ab i splitting should  
b e  ~  2 .7  m e V  fo r R M B 1 0 4 8  w h ich  w o u ld  b e  less than  th e  sum  o f th e  H W H M s .
6 .4 ii  R e v ie w  o f  R e s o n a n c e s  B e tw e e n  T h e  C a v ity  M o d e  a n d  H ig h e r  E n e rg y  
Q u a n tu m  W e il  T r a n s it io n s
T h is  s tudy o f th e  re s o n a n c e  w a s  e x ten d ed  to fu rth e r c h a ra c te ris e  th e
aac( cowork«rst fe.s
V C S E L  m ateria l and  a lso  to  d e v e lo p  th e  lin esh ap e  m odel by th e  author,wK lar e t  al 
Kiar, 19993, Kiar, 1999b, Rowland, i999d j ^ e in vestigations  a re  d escrib ed  in d eta il in th e
re fe re n c e s  and , a s  th e  a u th o r did not carry  out th e  m ajority  o f th e  e x ten d ed  w o rk , it 
will only b e  su m m arised  h ere  in te rm s  o f th e  add itional in form ation  th a t it p rovides.
M e a s u re m e n ts  s im ila r to  th o s e  d escrib ed  p reviously  w e re  m a d e  on th e  
V C S E L  w a fe r  R M B 1 0 4 8  a t room  te m p e ra tu re  using position tuning an d  a n g le  
tun ing to  m o ve  th e  cav ity  m o d e  through  fo u r o f th e  h ig h er e n e rg y  trans itions  in th e  
q u an tu m  w ell. F ro m  th e s e  m e a s u re m e n ts  it w a s  p oss ib le  to confirm  th e  
m iscalibration  in th e  m ateria l o f th e  q u an tu m  w ell, th e  e n e rg ie s  o f th e  m e as u red  
w ell trans itions  a g re e  w ell w ith  th e  th eo re tica l ca lcu lations  from  th e  a lgorithm  Sllver’ 1 
d escrib ed  in c h a p te r 3  fo r a  w e ll o f ln.28G a .72A s  K,ar’ 1999b F u rth erm o re , th e  
lin e sh a p e  m o d els  w e re  found  to  p ro v ide  satis facto ry  and  physically  m ean ing fu l fits  
to  th e  re so n an c es  b e tw e e n  th e  cav ity  m o d e  and  th e  a llo w ed  and  forb id den  
trans itions  using th e  ap p ro p ria te  e q u a tio n s  d iscussed  in section  2 .3 .
T h e  m e a s u re m e n ts  co n cern ing  th e  e n e rg ie s  o f th e  h ig h er s ta te s  o f th e  
q u an tu m  w ell w e re  a lso  con firm ed  by P R  m e a s u re m e n ts  m a d e  on a  section  o f th e  
R M B 1 0 4 8  w a fe r  a fte r  rem o vin g  th e  to p  D B R  using ch em ica l e tc h an ts  Klar’ 1999b. T h is  
etch ing  p ro cess  e ffec tive ly  e x p o s e d  th e  q u an tu m  w e ll fo r trad itional P R
m e a s u re m e n ts  an d  lin e sh a p e  fitting w ith o u t th e  e ffec ts  o f th e  cav ity  m o d e  in th e  
S e ra p h in  coeffic ien ts . T h e  results  a re  in good a g re e m e n t w ith  th o se  o b ta in ed  from  
th e  study o f th e  full V C S E L .
In addition , th e  m odel o f th e  V C S E L  S erap h in  co e ffic ien ts  m e an  th a t a  =  0 
an d  (3 = (3max a t th e  c e n tre  o f th e  cav ity  m ode, this m e a n s  th a t th e  P R  signal is 
eq u a l to p max m ultip lied by Ae2 a t this  point. A  Ae2 plot o f th e  w ell trans itions  can  
th e re fo re  be  con struc ted  from  th e  in tensity  o f th e  P R  signal a t th e  c en tre  o f th e  
cav ity  m o d e  ta k e n  from  a  se rie s  o f sp ec tra  as  th e  cav ity  is tu n ed  through th e  
q u an tu m  w ell. A s  d iscu ssed  in m o re  deta il by K lar e t al K,ar‘ 1999b, th e  As2 p rovides  
an  a lte rn a tiv e  v ie w  o f th e  q u an tu m  w ell w ith o u t th e  e ffec ts  o f th e  cav ity  m o d e  an d  
th e  a g re e m e n t b e tw e e n  th e  resu lts  from  th is  an d  th e  o th e r m e th o d s  is good.
6 .4 i i i  R e v ie w  o f  P R  a n d  R  M e a s u r e m e n ts  M a d e  o n  a  S e c o n d  1p,m V C S E L  
S tr u c tu r e  R M B 6 2 7
T h e  s tudy  o f V C S E L  s tru c tu res  d es ig n ed  to  o p e ra te  a t th is  w a v e le n g th  w a s  
a lso  e x ten d ed  to  inc lude a  secon d  s a m p le  R M B 6 2 7 . T h is  s am p le  p o ss es se s  a  
cav ity  a p p ro x im ate ly  tw o  w a v e le n g th s  in length  and  w ith  th re e  8 5  A ln,22G a .7aAs 
q u an tu m  w e lls , e a c h  positioned  a t th e  an tin o d es  o f th e  stand ing  w a v e . T h e  top  an d  
bottom  D B R s  o f th e  s tru c tu re  w e re  1 4 .5  a n d  2 3 .5  pairs  o f G a A s  /  A lA s  resp ective ly  
an d  d iffered  in laye r n u m b er an d  th e  n a tu re  o f th e  laye r in te rfaces  from  th o s e  o f  
R M B 1 0 4 8  but th e  tw o  s tru c tu res  a re  c o m p a ra b le . T h e  cav ity  in this s tructure  w a s  
found  to b e  c lo se r to  th e  nom inal des ig n  a llow ing th e  re s o n a n c e  to b e  exp lo red  a t  
room  te m p e ra tu re  but th e  w a fe r  p o ssessed  significant non-un ifo rm ity  o f s tructure  
a cro ss  th e  p la n e  o f g row th , w h ich  a llo w ed  th e  cav ity  m o d e  to  b e  tun ed  by both  
position and  ang le .
S im ila r R  an d  P R  m e a s u re m e n ts  to  th o s e  m a d e  on R M B 1 0 4 8  w e re  m a d e  
on R M B 6 2 7  to  e xp lo re  th e  re s o n a n c e  b e tw e e n  th e  cav ity  m o d e  and  ground s ta te  
q u an tu m  w ell e1h h 1  transition  using both th e  n ew  lin e sh a p es  and  th e  As2 
tech n iq u es . T h o s e  m e a s u re m e n ts  a re  d escrib ed  by K lar e t al K,ar’ 1999a’ Klar’ 1999b an d  
a lthough  th e  th re e  q u an tu m  w e lls  in th e  cav ity  o f R M B 6 2 7  resu lt in d iffe re n c es  
b e tw e en  th e  S e ra p h in  coeffic ien ts  ca lcu la ted  fo r th e  tw o V C S E L  s tructures, th e  P R  
lin esh ap e  m o d els  d e v e lo p e d  previo u s ly  re m a in e d  a b le  to  p ro v ide  a  satis facto ry  fit 
to  th e  m e as u red  d a ta . In add ition  th e  resu lts  b e tw e en  th e  lin e sh a p e  an d  As2
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an a lys is  tec h n iq u e s  an d  from  th eo re tica l ca lcu lations  w e re  found  to  b e  in good  
a g re e m e n t. Ft*r More) Ao fUbiSpl'bL^ j <^zre, e.Wr«/ai bLe wc.// -e-ttjbi/ c<n/ifcj
6 .4 iv  M e a s u r e m e n ts  o f  T h e  C a v ity  /  e 1 h h 1  Q u a n tu m  W e li  R e s o n a n c e  B y  
T e m p e r a tu r e  a n d  P r e s s u re  T u n in g  o f  V C S E L  S tr u c tu r e  R M B 1 0 4 8
A s  part o f th e  investigation  into th e  m ateria l, s tructure  an d  b an d s tru c tu re  o f  
V C S E L s , m e a s u re m e n ts  w e re  a lso  carried  out on R M B 1 0 4 8  a s  a  function  o f  
tem p e ra tu re . A s  w ell as  providing v a lu a b le  in form ation  con cern ing  th e  
b an d s tru c tu re  and  th e  g ain  an d  loss m e ch a n ism s  fo r d e v ic e  characteris tics , th e i^  
pesff m e a s u re m e n ts  a lso  provided  an  add itiona l opportunity  to  e xp lo re  th e  re s o n a n c e  
b e tw e e n  th e  cav ity  m o d e  and  q u an tu m  w e ll transition. T h e  tw o  fe a tu re s  b e h a v e  
d ifferently  w ith  tem p e ra tu re , w h ich  a llo w s  th e  tw o  to be tu n ed  through  e a c h  o ther.
In this c a s e  th e  q u an tu m  w e ll e 1h h 1  transition, initially a t an  e n e rg y  b e low  th a t o f  
th e  cav ity  m o d e  will shift to  h ig h er e n e rg ie s  w ith  d ecreas in g  te m p e ra tu re  w h ile  th e  
shift in th e  cav ity  m o d e  will b e  less  s ignificant.
A  section  o f R M B 1 0 4 8  w a s  c h o sen  so th a t th e  q u an tu m  w ell an d  cav ity  
m o d e  e n e rg ie s  w ould  o ve rla p  u n d er cooling. T h e  s am p le  w a s  p laced  in th e  H e  
coo led  continuous flow  c ryo sta t d escrib ed  in section  3 .3  an d  m e a s u re m e n ts  w e re  
m a d e  a t norm al in c id en ce  and  using th e  In G a A s  d e te c to r an d  H e N e  la s e r  
o p era tin g  a t 6 3 2 .8  nm  w ith  a  p o w e r o u tpu t o f a b o u t 3  m W . R and  P R  
m e a s u re m e n ts  w e re  m a d e  a t 10  K  in tervals  b e tw e en  3 1 0  K  a n d  1 50  K  w ith  an  
add itiona l m e a s u re m e n t a t 2 4 5  K  w h e re  th e  tw o fe a tu re s  a re  in a p p ro x im a te  
re so n an c e . F ig u re  6 .1 3  sh o w s  th e  serie s  o f R  and  P R  s p e ctra  m e as u red . T h e  R  
s p e c tra  s h o w  th e  fam ilia r high re fle c ta n c e  s topband  and  cav ity  m o d e, w hich  do  not 
shift s ignificantly  w ith  te m p e ra tu re . T h e  d ep th  o f th e  cav ity  m o d e  d o es  c h a n g e  
significantly  h o w ever, in creasing  a ro un d  2 4 0  K  n e a r re s o n a n c e  an d  th en  
d ec re as in g  b e lo w  a b o u t 2 1 0  K  to  a b o u t a  q u a rte r o f its d ep th  a t room  tem p e ra tu re . 
T h e  q u an tu m  w e ll e1h h 1  transition  is only  v is ib le  a s  a  w e a k  sh o u ld e r on th e  high  
e n e rg y  s ide  o f th e  cav ity  m o d e  n e a r  2 1 0  K. T h e  q u an tu m  w e ll fe a tu re  is c le a re r  in 
th e  P R  s p e c tfa , show n a s  th e  o p en  c irc les  in fig u re  6 .1 3 , a n d  shifts ap p ro x im ate ly  
linearly  to h ig h er e n e rg ie s  w ith  th e  d ec re as in g  tem p e ra tu re . T h e  cav ity  m o d e  
fe a tu re  is a lso  v is ib le  and  it is w e a k e r  w h e n  th e  q u an tu m  w e ll e1h h 1  is shifted  
a b o v e  it in energ y . S ca lin g  fac to rs  a re  o n ce  aga in  used  fo r th e s e  plots an d  th e  
s p e c tra  a re  o ffse t fo r clarity. T h e  e n h a n c e m e n t a t re so n an c e  is c le a r and  is
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a cc o m p a n ie d  by th e  com plica ted  c h a n g e s  in p h as e  and  lin e sh a p e  s im ila r to  tho se  
o b se rve d  in th e  position tuning previously. F ig u re  6 .1 3  a lso  sh o w s  th e  m o d elled  
P R  lin e sh a p es  a s  solid lines, w h ich  can  b e  s ee n  to  a g re e  w ell w ith  th e  m e as u red  
d a ta  o n c e  aga in .
Energy (eV)
Figure 6.13 R (solid lines) and PR (open 
circles) spectra measured from VCSEL 
sample RMB1048 through resonance 
between the cavity mode and quantum well 
e1hh1 transition by temperature tuning. For 
clarity only every other data point is shown. 
The spectra were measured at 10 K intervals 
as shown by the numbers on the left hand 
side of the graph and they are offset for 
clarity. The numbers on the right hand side 
of the graph indicate the multiplicative factor 
required to make all the spectra 
approximately the same size for clarity. The 
solid lines in the PR spectra indicate fits to 
the data, as discussed in the text.
Tem perature (K)
Figure 6.14 Temperature dependence of the 
cavity mode energy (< failed )
measured from reflectance spectra, and 
temperature dependence of the cavity mode 
energy ('ope.*.s<,lAclre.s ) and quantum well 
e1hh1 energy (filled circles) measured from 
PR spectra, from VCSEL sample RMB1048. 
Linear fits to the data are shown by solid 
lines.
Figure 6.14 su m m arises  th e  results, showing the  variation in the  en e rg ies  of
th e  cav ity  m o d e  and  q u an tu m  w e ll e1h h 1  transition  w ith  te m p e ra tu re . T h is  sho w s  
th a t th e  re so n an c e  occurs  a t a b o u t 2 3 0  K  and  th a t th e  crossing  is und istu rbed  by 
a n y  signs o f R ab i splitting ind icating  a  w e a k  coupling b e tw e e n  th e  tw o  fea tu re s . 
T h e  te m p e ra tu re  d e p e n d e n c e  o f th e  q u an tu m  w ell e 1h h 1  transition  can  be  
successfu lly  fitted w ith  a  V a rs h n i fo rm u la  Adachl* 1992 w ith p a ra m e te rs  e q u iv a le n t to  
G a A s  but w ith  th e  b an d g ap  sh ifted  to  1 .2 8 7  e V  a t 0  K  to a cc o u n t fo r th e  q u an tu m  
co n fin em en t e ffec ts  Vlcentet 1999.
T h e  re la tive  c h a n g e  o f th e  cav ity  m o d e  w a v e le n g th  w ith  te m p e ra tu re  w a s  
fitted w ith  a  s tra igh t line o f g ra d ien t - 7  x  10~3 % K " \ w h ich  is a  resu lt o f th e  c h a n g e  
in th e  b an d stru c tu re  an d  co n s eq u e n tly  th e  re frac tive  in d ex  o f th e  cav ity  m ateria l. 
T h is  v a lu e  a g re e s  w e ll w ith  th a t o f G a A s  a t a ro un d  this e n e rg y  and  d escrib es  th e  
shift o f th e  optical path  length  o f th e  cavity . T h e  e ffec ts  on th e  cav ity  m o d e  
w a v e le n g th  d u e  to  th e rm a l con traction  o f th e  cavity  m ate ria l w ou ld  be a b o u t an  
o rd er o f m ag n itu d e  sm aller. T h e s e  resu lts  ind icate  th a t th e  b eh a v io u r o f th e s e  
c o m p o n en ts  o f th e  V C S E L  s tructure  can  b e  m odelled  re la tive ly  s tra igh tfo rw ard ly  
using lite ratu re  v a lu e s  fo r bu lk  o r q u an tu m  w e lls  Vlcente’ 1999.
T h e  m ain  fe a tu re s  o f th e  R  and  P R  s p e ctra  o b se rve d  from  th e s e  
m e a s u re m e n ts  a re  s im ilar to th o s e  e n co u n te red  previously. T h e  red uced  
e n h a n c e m e n t w h e re  th e  cav ity  m o d e  an d  q u an tu m  w ell transition  e n e rg ie s  
coincide, in com pariso n  w ith  th a t e n c o u n te red  by position tuning, is probab ly  only  
b e c a u s e  th e re  is no m e a s u re m e n t m a d e  exactly  a t re so n an c e . T h e re  is a  
s ignificant reduction in th e  dep th  o f th e  cav ity  m o d e  dips in th e  R  s p e ctra  w h e re  
th e  q u an tu m  w ell e1h h 1  trans ition  is a t a  h ig h er e n e rg y  than  th a t o f th e  cav ity  
m o d e. T h is  is d u e  to  th e  red u ced  absorp tion  in th e  cav ity  m a te ria l b e lo w  th e  
q u an tu m  w ell g round s ta te  en e rg y . T h e  c h a n g e s  in th e  dep th  o f th e  cav ity  m o d e  
dip w h e re  it lies a b o v e  an d  b e lo w  th e  e n e rg y  o f th e  q u an tu m  w e ll transition  m a k e s  
it possib le  th e re fo re , to  e s tim a te  w h e n  th e  cav ity  m o d e  an d  q u an tu m  w e ll e1hh1  
a re  in re so n an c e  from AR  m e a s u re m e n ts ^  0^e rr
T o  con tin u e  th e  investigation  o f th e  properties  o f th e  re so n an c e , s tructure  
and  b an d stru c tu re  o f V C S E L  m ateria l, com plim enta ry  R  a n d  P R  m e a s u re m e n ts  
w e re  m a d e  on a n o th e r section  o f R M B 1 0 4 8  a s  a  function  o f h ydrosta tic  p ressure . 
T h e s e  m e a s u re m e n ts  o v e r th e  p ressu re  ra n g e  from  0 .0 0  to 1 .2 4  G P a  w e re  carried  
out by V ic e n te  e t a! an d  a re  d escrib ed  m ore  fully by V ic e n te  e t al Vlcente>1999. T h e  
q u an tu m  w ell e1h h 1  and  cav ity  m o d e  e n e rg ie s  w e re  initially s e p a ra te d  and  brought 
into re so n an c e  a t th e  h ig h er p re ss u res  an d  th e  fam ilia r fe a tu re s  and  re so n an c e
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e n h a n c e m e n t a re  o b se rve d  in th e  m e as u rem e n ts . T h e  exc iton  sh o w s  a  p ressu re  
coeffic ien t o f 9 2  m e V G P a '1, w h ich  a g re e s  w ell w ith  results  from  s im ilar m ateria ls , 
rep orted  previous ly  Vlcentei 1999. T h e  cav ity  m o d e  sho w s a  s m a lle r p ressure  
coeffic ien t o f a b o u t 15 m e V G P a '1, w h ich  a lso  corresp o n d s  w e ll to  th e  e ffec ts  o f th e  
p ressu re  on th e  re frac tive  in d ex  o f th e  G a A s  m ateria l in th e  cav ity , th e  e ffe c t on th e  
cav ity  length  being  less s ignificant. T h e s e  resu lts  a lso  in d icate  th a t th e  b eh a v io u r  
o f th e  V C S E L  m ate ria l can  be w e ll d escrib ed  by th a t o f its constituents .
6 .4 v  S u m m a r y  o f  T h e  R e s o n a n c e  a n d  V C S E L  C h a r a c te r is a t io n
T h e  m e a s u re m e n ts  d escrib ed  in this section  h a v e  p rovided  fu rth e r  
d em o n stra tio n s  o f th e  app licab ility  o f R  and  P R  tech n iq u es  fo r ch aracteris ing  
V C S E L  m ateria l. L in es h ap e  m o d els  h a v e  b ee n  d ev e lo p e d  and  th ese , a long  w ith  
ca lcu la tio n s  b ased  on es tab lish ed  in form ation , h a v e  b ee n  u sed  to  in terp re t and  
d escrib e  th e  results  o b s e rv e d  from  tw o  d iffe ren t V C S E L  s tructures. T h e  s tudy  h as  
a lso  show n th a t th e  re s o n a n c e  lies w ith in  th e  w e a k  fie ld  reg im e  w h e re  R ab i 
splitting b e tw e en  th e  cav ity  m o d e  a n d  q u an tu m  w ell is insignificant, in a g re e m e n t  
w ith m odelling  d escrib ed  in th e  p rev io u s  section . T h e  m e a s u re m e n ts  h a v e  a lso  
show n th a t th e  b eh a v io u r o f th e  c av ity  m ateria l can  p rovide  a  good  ind ication o f th e  
b eh a v io u r o f th e  V C S E L  p ro p erties  w ith  re sp e ct to, fo r e x a m p le , te m p e ra tu re  and
p re S S U re . Devi’tes f'a.bric«t.be«f ProM Vcset op«.ratei t>«-b skowaj poor cLurAtfceris{r«iS fo e  to (fo. ttcmbuM
w d i  -tlkU H/ul cc.vt/ Jbp .m. c-fo  /HisMutifo
T h e  follow ing c h a p te r d es crib es  m e as u rem e n ts  m a d e  on a  v a rie ty  o f  
V C S E L  s tructures  d es ig n ed  to  o p e ra te  a t  a  ran g e  d f*6 h o rte r w a v e le n g th s . In all 
c as es , th e  tec h n iq u e s  a n d  ana lys is  carried  out h e re  will b e  sho w n  to b e  ap p licab le  
to p rovide  s o m e  useful in form ation  a b o u t th e  structures. T h e  investigation  o f jtjje 
d iffe ren t s tru c tu res  will a lso  b e  sho w n  to p ro v ide  d iffe ren t in form ation  d ep en d in g  on  
th e  m ate ria ls  an d  s tructures  invo lved  a n d  includes R  an d  P R , S E  an d  P S E  and  
a lso  C E R , P L  and  d e v ic e  results.
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7 .  O p t i c a l  C h a r a c t e r i s a t i o n  o f  V C S E L  
S t r u c t u r e s  D e s i g n e d  T o  O p e r a t e  a t  
W a v e l e n g t h s  F r o m  6 5 0  n m  t o  1  u r n
T h is  c h a p te r d es crib es  th e  ex ten s io n  o f th e  c h arac terisa tio n  o f V C S E L  
m ateria l to  s tructures  d e s ig n ed  to  o p e ra te  a t w a v e le n g th s  from  6 5 0  nm  and  1 pm . 
A  v arie ty  o f optical an d  m o d u la ted  spectro sco p ic  tech n iq u es  a re  used  to  e x a m in e  
th e  chang ing  structural d es ig n s  a n d  p rovide  useful in form ation  fo r th e  d e v e lo p m e n t  
o f successfu l d ev ic es  fo r th e  bright red V C S E L  (B R E D S E L ) p ro ject Woodhead>1996. 
B efo re  studying d e v ic e s  fo r v is ib le  em iss ion  h o w ever, s e v e ra l s tructures  w e re  
stud ied  d es ig n ed  for em iss ion  a t in te rm ed ia te  w a ve le n g th s .
7.1 Mid Range VCSELs: 980 nm, 850 nm, and 750 nm
A s  part o f a  sys te m atic  s tudy o f optical charac te risa tio n  o f V C S E L  m ateria l, 
s e v e ra l s tructures  w e re  s tud ied  from  a  v arie ty  o f sources . T h e s e  s tructures  w e re  
d es ig n ed  to o p e ra te  a t in te rm ed ia te  w a v e le n g th s  b e tw e en  6 5 0  nm  an d  1 pm  and  
iW^tufee.4 s o m e  o f th e  d iffe ren t fe a tu re s  and  m ateria ls  th a t will b e  included in th e  
s h o rte r w a v e le n g th  B R E D S E L  des igns. T h is  e n a b le s  an e va lu a tio n  o f s o m e  o f th e  
p roperties  in th e  optical c h arac terisa tio n  m eas u rem e n ts , w h ich  will b e  o b se rve d  a s  
th e  design  is a lte re d  to function  a t th e  sh o rte r w a v e le n g th s , from  th e  b as ic  
stru c tu re  d escrib ed  in c h a p te r 6.
F o u r s tructures  h a v e  b ee n  stud ied; o n e  a t 1pm , o n e  a t 8 5 0  nm  and  tw o  a t 
ap p ro x im a te ly  7 5 0  nm . A ll th e  s tru c tu res  h a v e  b een  s tud ied  by R  an d  P R  
m e as u rem e n ts , w h ich  inc luded exp lo ra tion  o f th e  q u an tu m  w e ll an d  cav ity  m o d e  
re so n an c e . T h e  m e a s u re m e n ts  h a v e  b ee n  m a d e  using th e  a p p a ra tu s  d escrib ed  
previously  an d  in c h a p te r 3  a t n orm al in c id en ce  and  using th e  3  m W  H e N e  laser  
o p era tin g  a t 6 3 2 .8  nm  fo r m odu lation , un less  o th erw ise  s ta ted . T h e  1 pm  structure  
w a s  s tud ied  using th e  In G a A s  d e te c to r w h ils t th e  sh o rte r w a v e le n g th  structures  
w e re  s tud ied  using th e  S i d etecto r. In all c a s e s  th e  spectra l resolution  w a s  
ap p ro x im ate ly  1 to 2  m e V .
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7 .1  i R  a n d  P R  S tu d ie s  o f  1 jam V C S E L  S t r u c tu r e  C1
pttbrtCu-Ls** at trlve Centre *1 Gle«.b/v>Vi«(Uc .at tie ft 1 (S>f[, C.4.6H,
T h e  first s a m p le  s tud ied  in th is  section  w a s  V C S E L  s tru c tu re  o i AMoser’ 1 
w hich , a s  d escrib ed  in tab le  7 .1 , w a s  d es ig n ed  to em it a t a p p ro x im a te ly  1 jum. C1  
p o ss es se s  a  s im ilar s tru c tu re  to  th a t o f R M B 1 0 4 8  and  R M B 6 2 7  d iscu ssed  
p revious ly  w ith  th re e  8 0  A  ln.2G a .3A s  /  G a A s  q u an tu m  w e lls  in th e  cav ity  an d  G a A s  
/  A lA s  D B R s  o f 3 0  an d  18 la ye r pairs  a t th e  top  and  bottom  resp ective ly . Full 
d eta ils  o f its s tru c tu re  a re  not a v a ila b le  d u e  to  c o m m erc ia l sensitiv ity. Its 
re flec ta n ce  spectru m  is s im ila r to  th a t o b served  from  th e  e a rlie r s tructures  
contain ing  a  high re flec ta n ce  s to p b an d  o f a p p ro x im ate ly  8 0  nm  in w id th  an d  c le a r  
cav ity  m o d e  a t -  1 .2 6  e V , a s  sho w n  in fig u re  7 .1 .
VCSEL ^Operation Structure Summary
DBRs (upper /  lower no. pairs) Cavity
C1 1 gm GaAs/AlAs (30/18) 3 x 80 A ln.2Ga.eAs
QT960 850 nm Al.i5/o/.9Ga.85/i/.iAs (21 / 37.5) 6 x 80 A GaAs
C2 750 nm AI.3Ga.7As/AlAs (40/22) 3 x 80 A AI,12Ga.88As
C3 750 nm AI.3Ga.7As/AlAs (40/22) 3 x 80 A Ai.12Ga.8sAs
E1 674 nm Short period P Mirror
E2 664 nm
E3 650 nm AI.5Ga.5As / AlAs InGaP
MR1009 655 nm Ai.gGa.i As / AI.5Ga.5As (31 / 41) 4 x 60 A in.6Ga.4P
0304 660 nm AI.5Ga.5As/AlAs (30/49) 4x45 A InGaP
Table 7.1 Summary of the cavity mode and quantum well ground state wavelengths for the VCSEL 
material studied. Also included are the basic DBR and active region structures. Where such 
information is omitted, it is for commercial reasons.
T h e  P R  spectru m  o f this V C S E L  structure, a lso  show n in fig u re  7 .1 , is 
s im ilar to  th o se  p reviously  o b se rve d , d o m in ated  by th e  cav ity  m o d e  fea tu re . T h e  
fe a tu re  correspond ing  to  th e  q u an tu m  w ell e 1 h h 1 transition  is not v is ib le  in th e  
m o d u lated  spectru m  d u e  to th e  high re fle c ta n c e  o f th e  s to p b an d  a t th e  w a v e le n g th  
a t w h ich  it lies. T h e  G a A s  b a n d g a p  F K O  fe a tu re  is c learly  o b s e rv e d  a t th e  h ig h er  
e n e rg ie s  w h e re  it is s e p a ra te d  from  th e  o th e r fea tu res . T h e s e  im portan t fe a tu re s  
a re  labelled  in fig u re  7.1 fo r clarity. T h e re  a re  no signs o f fe a tu re s  ass o c ia te d  w ith  
th e  optica l in te rfe ren c e  o f th e  m u lti-laye r s tructure  in th e  m o d u la ted  spectru m . T h e
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im p o rtan t characteris tics  o f th e  o b s e rv e d  fe a tu re s  in th e  sp ectru m  a re  a lso  
su m m arised  in ta b le  7 .2 .
A n g le  tuning m e a s u re m e n ts  o f R  an d  P R  from  th is  s tru c tu re  a re  show n in 
fig u re  7 .2 . O n c e  ag a in , th e re  is a  c le a r c h a n g e  in th e  lin esh ap e  a t th e  re s o n a n c e  
w h e re  th e  cav ity  m o d e  c ro ss es  th e  e n e rg y  o f th e  q u an tu m  w ell e1hh1 transition. 
H o w e v e r, th e  o b se rve d  e n h a n c e m e n t is p erh ap s  a  fac to r o f 10; not a s  g re a t a s  
th a t o b served  from  th e  R M B  s a m p le s  d iscussed  in th e  p revio u s  section . T h is  m ay  
be b e c a u s e  th e  a n g le  tun ing s tep s  a re  not suffic iently  fin e  to a c h ie v e  th e  e x a c t  
re so n an c e , o r b e c a u s e  im p erfec tio n s  in th e  structure  will b ro ad en  th e  q u an tu m  w ell 
and  cav ity  fea tu re s .
Figure 7.1 R and PR spectra measured from 
VCSEL sample C1, at 25° angle of incidence, 
all important spectral features are identified 
for clarity.
Figure 7.2 R and PR spectra measured from 
VCSEL sample C1 as a function of angle of 
incidence of the probe beam, as indicated by 
the numbers on the left hand side of the 
graph. Successive spectra are offset for 
clarity and the cavity mode and approximate 
energy of the quantum well e1hh1 are 
identified in the figure
T he ang le tuning of this sam p le  w as  insufficient to allow th e  cavity m ode to
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b e  p as se d  en tire ly  through  re s o n a n c e  w ith  th e  q u an tu m  w ell g round s ta te . It w a s , 
h o w ever, poss ib le  to  o b s e rv e  th e  re s o n a n c e  e n h a n c e m e n t c learly  w h ich  h as  a  
lin esh ap e  th a t is a p p ro x im a te ly  s im ila r to  th a t o b served  fo r s am p le s  R M B 1 0 4 8  an d  
R M B 6 2 7 . T h e  d iffe re n c e  in this  c a s e  is th a t th e  q u an tu m  w e ll trans ition  is n e v e r  
visib le  in its ow n  right, a s  th e  high re flec ta n ce  s to p b an d  can n o t b e  shifted  fa r  
e n o u g h  a w a y  from  th e  e 1 h h 1 transition.
In s tead , th e  position o f th e  e1h h 1  transition  can  be in ferred  by th e  b eh a v io u r  
o f th e  cav ity  m o d e  fe a tu re  in th e  P R  sp ectra . A s  show n in fig u re  7 .2 , this fe a tu re  is 
e n h a n c e d , g ro w s  to  a  p e a k  on o n e  s ide  (th e  sh o rte r w a v e le n g th  s id e) an d  then  th a t  
p e a k  re d u ces  w h ile  th e  lo n g er w a v e le n g th  s ide  rises a s  th e  c av ity  m o d e  p as se s  
th rough  th e  q u an tu m  w ell fea tu re . T h e  a c tiv e  reg ion o f th is  V C S E L  s tru c tu re  is 
com prised  o f th re e  ln.2G a .8A s  q u an tu m  w e lls  but in this c a s e  it a p p e a rs  from  th e  
w e a k n e s s  o f th e  P R  fe a tu re  a n d  th e  s h a rp n es s  o f th e  re s o n a n c e  th a t th e  w e lls  
h a v e  b ee n  grow n to  a  re la tive ly  high leve l o f uniform ity an d  a lso  th a t an y  coupling  
b e tw e e n  th e m  is neglig ib le. T h e s e  resu lts  a re  su m m arised  in fig u re  7 .3  in te rm s  o f  
th e  cav ity  m o d e  an d  q u an tu m  w ell w a v e le n g th s  and  P R  s igna l s trength .
Figure 7.3 Summary of the measurements of 
resonance between the cavity mode and e1hh1 for 
VCSEL C1. The data points show the cavity mode 
energy and PR signal intensity as a function of angle 
of incidence.
T h e  q u an tu m  w ell e1h h 1  transition  an d  
cav ity  m o d e  a re  still ap p ro x im a te ly  in 
re s o n a n c e  a t norm al in c id en ce  an d  it w a s  
th e re fo re  possib le  to  fa b ric a te  w ork ing  lase rs  
from  th is  m ateria l. T h e  slight shift in lasing p e a k  w a v e le n g th  Moser’ 1 from  th e  
m e as u red  re so n an c e  cav ity  m o d e  position can  be  a ttrib u ted  to  th e  d iffe ren t  
positions on th e  w a fe r  from  w h ich  th e  m ateria l w a s  ta k e n  a s  s o m e  d e g re e  o f non­
uniform ity w a s  o b se rve d  in th e  s tru c tu re  a cro ss  th e  p lane  o f g row th  o f th e  s am p le s
s tud ied . It is a lso  poss ib le  th a t h ea tin g  in th e  d ev ices  d u e  to  o p era tio n  m ay  h a v e  
shifted  th e  cav ity  m o d e  w a v e le n g th  by ~  2  nm  Sweeney- 1999.
Angle of Incidence (°)
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7 .1 i i  R  a n d  P R  s tu d ie s  o f  8 5 0  n m  V C S E L  S tr u c tu r e  Q T 9 6 0
T h e  next s a m p le  s tud ied  in th is  section  w a s  Q T 9 6 0 ,4 w h ich  sh o w ed  
significantly  d iffe rent resu lts  to  th o s e  p revio u s ly  o b served . Q T 9 6 0 , as  d escrib ed  in 
tab le  7.1 had an  nom inal o p era tin g  w a v e le n g th  o f 8 5 0  nm  an d  a  b as ic  s tructure  
including six 8 0  A  G a A s  q u an tu m  w e lls  in th e  cav ity  an d  top  an d  bottom  
A I.15G a.a5A s  /  G a A s  /  A I.9G a .1A s  D B R s  o f 2 1  an d  3 7 .5  la y e r pairs  resp ective ly . R  
m e a s u re m e n ts  o f this V C S E L , as  show n in figure  7 .4 , re v e a l a  broad  high  
re flec ta n ce  s to p b an d  o f w id th  m o re  th a n  10 0  nm  and  w ith  a  rolling, ra th e r th an  a
Or *aiS.u.Ii'<ji>sa4£<i{: oF fcbe. tof ttrttl koktoA* D&R&
fla t s to p b an d , w h ich  is c h a ra c teris tic  o f non-un ifo rm ities  in th e  D B R  stru c tu res , 
Agrawai, 1995 Th@  c a v jty  moCje  dip js a |S0 b road  and  sh a llo w  in both R  an d  P R  
spectra , show n in fig u re  7 .4 . T h e  re d u c ed  fin es se  in th e  cav ity  is a lso  p resu m ed  to  
b e  d u e  to  th e  non-un iform ity  in th e  D B R s .
Figure 7.4 R and PR spectra measured from 
VCSEL sample QT960, ait important spectral 
features are identified for clarity.
Figure 7.5 R and PR spectra measured from 
VCSEL sample QT960 as a function of angle 
of incidence of the probe beam. Angles of 
incidence are labelled on the left hand side 
of the graph. Successive spectra are offset 
for clarity and the cavity mode and 
approximate energy of the quantum well 
e1 hh1 are identified in the figure.
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T h e  P R  spectru m  is d o m in ate d  by th e  com plica ted  fe a tu re  o f th e  q u an tu m&IILI niA -eMM. de.Scr\
w ell e1h h 1; tra n s itio n ^ w h ic h  resu lts  from  th e  coupling b e tw e e n  th e  six q u an tu m  
w ells  a s  w ell a s  th e  b ro ad en in g  p ro d u ced  from  slight d iffe re n c es  in th e  w idth , and  
com positions  o f th e  w ells . T h e  q u an tu m  w ell fe a tu re  is so strong th a t it is eas ily  
v isib le  in P S E  s p e c tra  o f th is  s a m p le  as  show n in section  5 .4  o f this thes is  a n d  it 
a lso  p ro duces  a  slight s h o u ld e r to  th e  cav ity  m o d e  dip o b se rve d  in th e  R  an d  S E  
sp ectra . T h e  cav ity  m o d e  is a lso  v is ib le  in th e  P R  sp ectra  and  can  be s e e n  to  b e  in 
a p p ro x im a te  re so n an c e  w ith  th e  q u an tu m  w ell. A lso  v is ib le  is th e  fe a tu re  
correspond ing  to th e  b an d g ap  o f th e  A lxG a i-xA s  barrier. T h e s e  F K O s  h a v e  an  
e n e rg y  correspond ing  to  a  com position  o f x  ~ 7 %  Adach1,1995. T h e re  a re  no fe a tu re s  
v isib le  in th e  P R  spectru m  a s s o c ia te d  w ith  th e  m u lti-layer in terfe ren ce . T h e  
fe a tu re s  a re  s u m m arised  in ta b le  7 .2 .
Im p ro v em e n ts  in th e  g row th  p ro cess  m e a n t th a t th e  s tru c tu re  w a s  re lative ly  
uniform  acro ss  th e  s u rfa ce  o f th e  w a fe r. A t room  te m p e ra tu re , th e  only m ethod  
a v a ila b le  to  tu n e  th e  cav ity  m o d e  w a v e le n g th  w a s  by vary ing  th e  a n g le  o f inc idence  
o f th e  probe  b ea m . T h is  is d em o n s tra ted  in figure  7 .5 , fo r both R  and  P R  
m e as u rem e n ts , w h ich  w e re  m a d e  a t a n g le s  o f inc id en ce  from  2 5 °  to  75°. T h e  
cav ity  m o d e  is v ery  c lo se  in w a v e le n g th  to th e  q u an tu m  w ell e1h h 1  transition  a t all 
a n g le s  o f inc idence. F ig u re  7 .5  sh o w s  th a t th e  tw o  fe a tu re s  p ass  through e a c h  
o th e r ra th e r than  go  through  a  g rea tly  e n h a n c e d  re so n an c e  a s  o b served  in th e  
o th e r in fra-red  V C S E L s  s tud ied  In fac t th e  e n h a n c e m e n t is on ly  a  fac to r o f a b o u t 5  
an d  m ay  sim ply b e  an  e ffe c t o f th e  red u ced  re flec tan ce  o f th e  s to p b an d  a t th e  
cav ity  dip. F ig u re  7 .6  s u m m arise s  th e  e ffec ts  o f re s o n a n c e  on th e  m e a s u re m e n ts  
in te rm s  o f th e  cav ity  m o d e  e n e rg y  an d  P R  s ignal s trength  o n ce  aga in .
Figure 7.6 Summary of the measurements 
of resonance between the cavity mode 
and e1hh1 for VCSEL QT960. The data 
points show the cavity mode energy and 
PR signal intensity as a function of angle 
of incidence. In this case the dominant 
PR signal is from the quantum well 
feature.
Angle of Incidence (°)
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C o m p ariso n  w ith  th e  e q u a tio n s  d e v e lo p e d  in c h a p te r 6  to  d escrib e  th e  P R  
lin e sh a p es  o f th e  cav ity  m o d e  an d  q u an tu m  w ell s h o w  th a t this red u ced  re s o n a n c e  
e ffe c t is d u e  to  th e  in c reased  spectra l w id th  o f both fe a tu re s . T h is  m e a n s  th a t th e  
re so n an c e  m ay  be o b se rve d  a s  m o re  sub tle  c h a n g es  in a m p litu d e  a n d  p h ase . 
U n fo rtu n ate ly  th e  lim it o f th e  w a v e le n g th  tun ing, a ffo rd ed  by vary ing  th e  a n g le  o f  
in c id en ce  o f th e  p robe b e a m , is insufficient fo r th e  cav ity  m o d e  to  p ass  through th e  
en tire  q u an tu m  w ell transition . H o w e v e r, th e  Q T 9 6 0  s tru c tu re  ind icates  an  
excep tio n  not en tire ly  c a u s e d  by th e  c h a n g e s  required  to  a c h ie v e  th e  sh o rte r  
w a v e le n g th . In fac t, th e  c a u s e  is m ost p robab ly  a  com binatio n  o f th e  strong  
coupling  o f th e  q u an tu m  w e lls  in th e  cav ity  and  th e  re d u c ed  re flec ta n ce  o f th e  
stopband .
VCSEL ^CM
(nm)
WidthsB
(nm/meV)
7-qw
(nm)
CM
(S/N)
R/PR
WidthcM
PR
(nm/meV)
(±1 /2)
Q W
(S/N)
PR
WidthQW
PR
(nm/meV)
(±2/3)
Resonance
Enhancement
C1 980 90/120
(±5/7)
980 50/10 4/5 10
QT960 880 120/200
(±5/8)
850 2 0 /2 0 50 20/30 5
C2 760 50/100
(±2/5)
770 30/5 5/10 5
C3 755 50/100
(±2/5)
750 30/5 5/10 4
Table 7.2 Summary of the important spectral characteristics measured from the mid-range 
wavelength VCSEL samples.
7 .1  iii R  a n d  P R  s tu d ie s  o f  7 5 0  n m  V C S E L  S tru c tu re s  C 2  a n d  C 3
T w o  s am p le s  C 2  an d  C3AMoser’ \  d es ig n ed  to o p e ra te  a t a b o u t 7 5 0  nm , w e re  
stud ied. T h e s e  w e re  nom inally  a p p ro x im a te ly  th e  s a m e  structure , s e e  ta b le  7 .1 . 
T h is  cons is ted  o f th re e  80 A AI.12Ga.88As qu an tu m  w e lls  in th e  cav ity  w ith  top  and  
bottom  A I.3 G a .7 A s  /  A lA s  D B R s  o f 4 0  an d  2 2  laye r pairs resp ective ly . R  an d  P R  
s p e c tra  a re  show n fo r e ac h  s a m p le  m e a s u re d  a t 4 5 °  in fig u res  7 .7 i and  7 .7 ii. T h eprotaUvi <U<2_ tc. *f fcLt a/ul bofct-uM OdVTj,
s to p b an d s  a re  ap p ro x im a te ly  6 0  nm  in spectra l w idth  an d  re la tive ly  flatAbut w h ile  
th e  cav ity  m o d e  dip is a p p ro x im a te ly  cen tra l fo r C 3 , it is o bvious ly  o ffse t by s ev era l
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nm  to  lo n g er w a v e le n g th s  in C 2 . In both s am p les , th e  cav ity  m o d e  fe a tu re  
d o m in a te s  th e  P R  spectru m  an d  is n e a r re s o n a n c e  w ith  th e  q u an tu m  w ell e1h h 1  in 
th e s e  conditions. O n c e  ag a in  th e s e  results  a re  su m m arised  in ta b le  7 .2 .
Energy (eV ) Energy (e V )
7.7i and 7.7ii R and PR spectra measured from VCSEL samples C2 and C3 respectively; all 
important spectral features are identified for clarity.
In both sam p les , th e  F K O  fe a tu re  correspond ing  to  th e  b an d g ap  o f th e  
b arrie r m ateria l h as  an  e n e rg y  in good a g re e m e n t w ith  th e  nom inal com position  o f  
A I.3G a .7A s  Adachl’ 1995, a lthough  it is e x te n d e d  and  a lso  m ixes  w ith  fe a tu re s  
a ss o c ia te d  w ith  th e  in te rfe ren c e  o b s e rv e d  a t sh o rte r w a v e le n g th s . T h e  in form ation  
ab o u t th e  com position  an d  in ternal fie ld  s trength  in th e  cav ity  b arrie r m ateria l could  
b e  im p ro ved  by fitting th e  F K O s , but th e  add itiona l in form ation  w a s  not c o n s id ered  
im portan t in th is  cas e . T h e  q u an tu m  w e ll g round s ta te  transition  is not ind iv idually  
vis ib le  in e ith e r c a s e , but it is a g a in  in th e  high re flec ta n ce  w a v e le n g th  reg ion o f th e  
s to p b an d  an d  th e re fo re  th is  is to  b e  e xp ec ted .
T h e  q u an tu m  w ell re s o n a n c e s  w ith  th e  cav ity  m o d e  o f s tru c tu res  C 2  an d  C 3  
a re  e xp lo red  by a n g le  an d  position tun ing  resp ective ly , show n in fig u res  7 .8 i and  
7 .8 ii. T h e  resu lts  a re  s u m m arised  in fig u res  7 .9 i a n d  7 .9 ii. T h e  s h arp  cav ity  fe a tu re  
p as se s  through a  re la tive ly  s h arp  re s o n a n c e  w ith  th e  q u an tu m  w ell e1hh1  
transition  w ith  an  a cco m p an y in g  e n h a n c e m e n t and  s ev era l p h a s e  ch a n g es . T h e  
e n h a n c e m e n t is a p p ro x im a te ly  a  fa c to r o f 4  o r 5 , not a s  high a s  th a t o b se rve d  in
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AO A -
uso m e o f th e  o th e r V C S E L  s tru c tu res  but this m ay  be d u e  to  th e  re la tiveAuniform ity  
o f th e  m ateria l, th e  c o a rs e n e s s  o f th e  a n g le  /  position s tep s  o r s o m e  particu la r  
ch arac teris tic  o f th e  s tructures, it is not c le a r w hich  from  th e s e  m e as u rem e n ts .
Energy (eV) Energy (eV)
Figure 7.8i and 7.8ii R and PR spectra measured from VCSEL samples C2 and C3 as a 
function of angle of incidence and position on the sample of the probe beam respectively. Angles 
of incidence are labelled on the left hand side of the graph and arrows on the right hand side of 
the graph indicate the 1 m m  steps where appropriate. Successive spectra are offset for clarity and 
the cavity mode and approximate energy of the quantum well e1hh1 are identified in the figures.
Angle of Incidence (°) Position (mm)
Figure 7.9i and 7.9ii Summary of the measurements of resonance between the cavity mode and 
e1hh1 for VCSELs C2 and C3 respectively. The data points show the cavity mode energy and PR 
signal intensity as a function of angle of incidence or sample position.
T he resolution and  signal to  no ise  ratios a re  similar to th o se  obtained  from
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th e  o th e r sam p les , but th e  high re fle c ta n c e  o f th e  s to p b an d  re d u ces  th e  
p en etra tio n  o f th e  p robe  b e a m  into th e  s am p le  to  th e  cavity . In both s tructures  
th e re  a re  th re e  q u an tu m  w e lls  in th e  a c tiv e  reg ion an d  th e  s h a rp n es s  o f th e  
re s o n a n c e  a c h ie v e d  by a n g le  tun ing in d icates  th a t th e  grow th  is re la tive ly  uniform  
and  th a t th e re  is not th e  s a m e  coupling  a s  o b served  in s a m p le  Q T 9 6 0 .
7 .1  iv  S u m m a r y  o f  T h e  C h a n g e s  in  S t r u c tu r e  a n d  M e a s u r e m e n ts  F ro m  V C S E L  
M a te r ia l  D e s ig n e d  F o r  W a v e le n g th s  F ro m  7 5 0  n m  to  1 p m
T h e  s tructures  s tud ied  in this section  h a v e  c h a n g e s  in com position  in th e  
m ateria l o f th e  w e lls  an d  th e  D B R s  as  th e  w a v e le n g th  o f o p era tio n  is red uced  from  
1 p m  to 7 5 0  nm . T h e s e  c h a n g e s  a re  su m m arised  in ta b le  7.1 an d  th e  c h a n g e s  in 
th e  o b se rve d  m e a s u re m e n ts  a re  su m m arise d  in tab le  7 .2 . A ltho u g h  th e  m ateria l is 
from  d iffe ren t so u rc es  it is still p o ss ib le  to  a ttrib u te  s o m e  o f th e  c h a n g e s  to  th e  
o b se rve d  optical characteris tics . T h e s e  inc lude th e  shift a n d  narrow ing  o f th e  high  
re flec ta n ce  s to p b an d , a s  w ell as  its in c rea se  in height, a lthough  th e  la tte r w a s  not 
a ctu a lly  m e as u red . A s  th e  A l c o n ten t in th e  D B R  layers  is in c reased  to shift th e  
b an d g ap  to th e  req u ired  s h o rte r w a v e le n g th s  th e  d iffe re n c es  in th e  re frac tive  
ind ices  o f th e  high and  lo w  pairs  is red u ced  w h ich  a lso  resu lts  in th e  narrow ing  o f 
th e  sp ectra l w idth  o f th e  s to p b an d . E q u a tio n s  4 .1  and  4 .2  Macleod- 1969 a lso  s h o w  th a t 
th e  shift in th e  w a v e le n g th  o f th e  s to p b an d  itse lf will b e  g o v e rn e d  by th e  c h a n g e  in 
th e  optical path  length  (th ic kn e ss es  a n d  re fra c tiv e  ind ices) o f th e  D B R  layers.
T h e  in c rea se  in th e  n u m b er o f th e  laye r pairs in th e  D B R s  o b se rve d  
b e tw e e n  th e  d iffe ren t s tru c tu res  resu lts  in th e  in c rease  o f th e  a b s o lu te  re fle c ta n c e k  
o f th e  s to p b an d  a s  th e  d es ig n s  m o v e  to  sh o rte r w a v e le n g th s . A ltho u g h  th e  
re flec ta n ce  m e a s u re m e n ts  m a d e  during th is  s tudy w e re  not ab so lu te , th e  high  
re flec ta n ce  s to p b an d  is in c reased  fo r s tructures  a t s h o rte r w a v e le n g th s  to  
a p p ro x im ate ly  9 9 .9  % , w h ich  will only e x a g g e ra te  th e  p ro b lem s o f observ in g  th e  
q u an tu m  w ell an d  b arrie r fea tu re s . In add ition  th e  6 3 2 .8  nm  H e N e  la s e r pum p  
b ea m  will a lso  b e  highly re flec ted  by th e  s to p b an d  a t v is ib le  w a v e le n g th s  (6 5 0  nm ), 
w hich  m ay  req u ire  th e  u se  o f an  a lte rn a tiv e  m odulation  source.
T h e  cav ity  m o d e  fe a tu re  is no lo n g er a s  c le a r in th e  R  o r P R  s p e c tra  o f th e  
s h o rte r w a v e le n g th  V C S E L  s tru c tu res  a s  it w a s  in IR  s tructures. T h is  m ay  be  
b e c a u s e  th e  increasing  n u m b er o f D B R  layers  and  a lte rn a tiv e  g row th  tec h n iq u e s  
resu lt in an  in c reased  fin e s s e  in th e  cav ity  m o d e  but a lso  b e c a u s e  o f th e  high
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re flec ta n ce  o f th e  s to p b an d  itself. S im ilarly , th e  high re flec ta n ce  m e a n s  th a t th e  
q u an tu m  w ell fe a tu re  is not norm ally  v isib le, e x c e p t in Q T 9 6 0  b e c a u s e  o f th e  
strong coupling b e tw e en  th e  w e lls  an d  not a t all in th e  o th e r s tructures.
A ltho u g h  th e  re s o n a n c e  b e tw e e n  th e  cav ity  m o d e  an d  q u an tu m  w ell sho w s  
a  g re a te r  e n h a n c e m e n t in th e  P R  signal s trength  fo r th e  1 p m  s tructures  it is still 
possib le  to d e te rm in e  th e  q u an tu m  w e ll e n e rg y  from  th e  re s o n a n c e  w h ich  c an  be  
o b s e rv e d  e v e n  in th e  s h o rte r w a v e le n g th  structures. T h e  in te rfe ren c e  fe a tu re s  a re  
m o re  strongly v is ib le  in th e  P R  s p e c tra  from  th e  s h o rte r w a v e le n g th  structures, 
than  th o s e  a t 1 pm , but it is still po ss ib le  to d istinguish b e tw e e n  th e s e  an d  th e  
o th e r fea tu re s . T h e s e  m a tte rs  will b e  d iscu ssed  fu rth er in th e  fo llow ing sec tio n s  in 
w hich  th e  V C S E L  s tructures  d es ig n ed  to  o p e ra te  a t w a v e le n g th s  n e a r 6 5 0  nm  a re  
stud ied. It is c le a r  from  th e  m e a s u re m e n ts  d escrib ed  in th is  section  th a t th e s e  
optica l an d  m o d u la ted  s p ectro sco p ic  tech n iq u es  rem ain  useful fo r providing  
in form ation  a b o u t th e  s tru c tu re  and  uniform ity  o f V C S E L  m ateria ! g row n a t ail th e  
w a v e le n g th s  con cern ed .
7 .2  Visible VCSELs -  650 nm.
It h as  a lre a d y  b een  show n th a t th e re  a re  s ev era l im p o rtan t c h a n g es  th a t  
m ust b e  m a d e  to  th e  V C S E L  structure , w h ich  o p era tes  a t 1 p m  to  p ro d u ce  o n e  th a t 
will o p e ra te  a t v is ib le  w a v e le n g th s . A s  ta b le  7.1 show s, th e  s a m p le s  d es ig n ed  to  
o p e ra te  a t th e  s h o rte r w a v e le n g th s  h a v e  m arked ly  d iffe ren t s tru c tu res  Sa,e’ 1997, 
w o o d h ea d , 1998, H osea, 1999 D B R s  ar@ con struc ted  from  A IG a A s  m ate ria ls  w ith  a
h ig h er A l con ten t, w h ich  v a rie s  typ ically  from  5 0  %  to  9 0  % , th is  a lso  re d u ces  th e  
com positional an d  re frac tive  in d ex  d iffe re n c es  b e tw e en  th e  h ig h er an d  lo w er pairs. 
T h is  is s ee n  prim arily  a s  a  reduction  in th e  spectra l w id th  o f th e  high re flec ta n ce  
s to p b an d . T h e  reduction  in th e  w id th  o f th e  s to p b an d  from  a b o u t 1 00  nm  to  4 0  nm
df His *f- tk* ii# «£>(-bUe.aaWors
h as  an  e ffec t to in c re a s e  th e  s e le c tiv ity  o f th e  structure . T h is  reduction  a lso  
in c rea se s  th e  a cc u rac y  requ ired  in grow th  to  a c h ie v e  th e  a p p ro x im a te  equ a lity  for  
th e  w a v e le n g th s  o f th e  q u an tu m  w e ll, c av ity  m o d e  and  s to p b an d  Sa,e* 1997, Hosea’ 1999
S w eeney, 2000b
T h e  re flec ta n ce  o f th e  s to p b an d  m ust a lso  b e  in c reased  to  ap p ro x im a te ly  
9 9 .9  %  to  a c h ie v e  th e  req u ired  photon d en s ity  fo r lasing in th e  cav ity  Sale’ 1997 T h is  
m e a n s  th a t m o re  la ye r pairs  a re  n e c e s s a ry  in th e  D B R  s ta ck s  both b e c a u s e  o f th e
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requ ired  re flec ta n ce  in c re a s e  a n d  th e  red uced  re frac tive  in d ex  d iffe re n c e  b e tw e en  
th e  high and  low  la ye r pairs  in th e  s tacks . T h e  increasing  A l c o n ten t in th e  layers  
a n d  th e  increasing  n u m b er o f th e m  le ad s  to  g re a te r  optical lo sses  esp ec ia lly  a s  th e  
w a v e le n g th  o f o p era tio n  is sh o rte n e d  Sale’ 1997. T o  a c h ie v e  th e  required  e lec trica l 
properties  through  th e  D B R s , in c rea se d  doping is requ ired  w h ich  a d d s  to th e  
absorp tion  in th e s e  layers . V a rio u s  s tru c tu res  h av e  b een  d e s ig n ed  to op tim ise  th e  
d iffe ren t req u irem e n ts  b e tw e e n  e lec trica l a n d  optical p ro p erties  a n d  s o m e  o f th e s e  
a re  d iscu ssed  later.
7 .2 i O b s e rv e d  L o s s  o f  C a v ity  in fo r m a t io n  in  6 5 0  n m  V C S E L  S tru c tu re s
T h e  pro b lem s o f th e  in creasing ly  high re flec ta n ce  o f th e  s to p b an d  in th e  6 5 0  
nm  stru c tu res  a re  d em o n s tra ted  by th e  w e a k n e s s  o f th e  cav ity  fe a tu re  o b se rve d  in 
th e  re flec ta n ce  s p e ctra  o f s e v e ra l V C S E L s  grow n by E p itax ia l P roducts  
In tern a tion a l (E P I)  EP1,1. T a b le  7.1 lists th re e  o f th e s e  s am p le s  a lthough  th e ir full 
structura l d eta ils  a re  not a v a ila b le  b e c a u s e  o f co m m erc ia l reaso ns . In s o m e  
s am p le s  s tud ied  it w a s  not p oss ib le  to  obta in  a  c le a r cav ity  fe a tu re  by R  
m e a s u re m e n ts  e v e n  by using a  lock-in  a m p lifie r and  a  ch o p p ed  probe  b ea m  as  
d escrib ed  in c h a p te r 3. T h e  in c rea se d  signal to  no ise  ratio  a c h ie v e d  w ith  th e s e  
m e a s u re m e n ts  w a s  a lso  utilised to  a llo w  s ignificantly  red u ced  slit w id ths  and  m a k e  
high -resolu tion  re flec ta n ce  m e a s u re m e n ts  dow n to a p p ro x im a te ly  0 .5  nm  (1 .5  
m e V ) (F W H M ).
1.0
Visible VCSEL Sample E1
Figure 7.10 R and SE measured and R calculated 
from measured SE data from VCSEL sample E1. The 
approximate position of the cavity mode is identified in 
the figure for clarity.
F ig u re  7 .1 0  d e m o n s tra te s  this p rob lem  
o f optical m e a s u re m e n ts  w ith  s am p le  E1 
w h e re  th e  high s to p b an d  in th e  re flec ta n ce  
spectru m  s e e m s  re la tive ly  sym m etrica l and  
uniform . H o w e v e r th e re  is no cav ity  m o d e  
fe a tu re  v isible. F ig u re  7 .1 0  a lso  sh o w s  an  
e q u iv a le n t S E  spectru m  o f th e  s a m e  s tructure
1.80 1.84 1.80 1.92
Energy (eV )
1.96
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w h e re  th e  cav ity  m o d e  is v is ib le  in th e  p seu d o  d ie lec tric  function  d u e  to  th e  p h as e  
c h a n g e  in th e  S  an d  P  re flec ted  light th a t a c c o m p a n ie s  it. A  re flec ta n ce  spectru m  
c a lcu la ted  using th e  m e a s u re d  p s e u d o  d ie lec tric  function an d  th e  Jo n e s  m odelling  
algorithm  is a lso  show n in fig u re  7 .1 0  w h e re  th e  cav ity  dip is a lso  v is ib le  a lthough
(\a- .{WfituiA.Vi^ A Mijifit (e bu«t fee top uaJ t>cfcfco« ■'-'fi tvovtltl fe.% <'/»«• t Ly
only very  w eak ly ,A it is possib le  to  s e e  th a t th e  s tructure  is re la tive ly  c lose  to  th e  
nom inal d es ign  h o w e v e r an d  th a t tie  cav ity  is not o ffse t from  th e  re flec ta n ce  
sto p b an d . T h is  s u g g estsAth a t i . S E  can  s h o w  a  high sensitiv ity  to  th e  cav ity  
m o d e, w h ich  can  b e  v e ry  useful fo r charac terisa tio n .
7 .2 i i  R  a n d  P R  S tu d y  o f  P a r t ia l V C S E L  S t r u c tu r e  E 2
T o  o v e rc o m e  this p rob lem  o f ch aracterisa tio n , a  partia l V C S E L  s tru c tu re  
w a s  stud ied . E 2  EP1, 1 h as  a  sho rt period  top D B R  s ta ck  an d  th e  red uced  
re flec ta n ce  o f th e  s to p b an d  e n a b le d  m e a s u re m e n ts  o f th e  in terna l s tructure . F ig u re
7 .11  show s th e  re flec ta n ce  an d  P R  s p e c tra  o f this  s tructure  w h e re  th e  s to p b an d  is 
fla t an d  ap p ro x im a te ly  sym m etrica l an d  th e  cav ity  m o d e  dip  is c lear. T h e  
m e a s u re m e n ts  a re  cu t o ff a t short w a v e le n g th s  a t 6 4 0  nm  d u e  to  th e  req u irem en t  
o f a  long p ass  filter to  a tte n u a te  th e  m odulating  la se r light a t 6 3 2 .8  nm . T h e  cav ity  
m o d e  fe a tu re  is c lear, h o w ever, a lth o u g h  th e  q u an tu m  w e ll fe a tu re  is not v is ib le  
d u e  to th e  high re flec ta n ce  o f th e  s to p b an d  o f e v e n  th e  partia l s tructure .
Figure 7.11 R and PR spectra measured from VCSEL 
sample E2, ali important spectral features are 
identified for clarity.
Position and  a n g le  tun ing w e re  both  
possib le  w ith this partia l V C S E L  s am p le  and  
th e s e  a re  show n in fig u res  7 .1 1i an d  7 .11  ii fo r  
both re flec ta n ce  an d  P R  m e as u rem e n ts . T h e  
resu lts  s h o w  th a t th e  cav ity  m o d e  m o v es  in 
both c a s e s  w h ile  th e  q u an tu m  w ell e1h h 1  
transition  is not norm ally  v is ib le . A  re s o n a n c e  
is o b se rve d  b e tw e en  th e  cav ity  m o d e  and  
e1h h 1  in th e  a n g le  tun ing. A t th e  e x tre m e  o f  
th e  position tuning it is po ss ib le  to  m o v e  th e  s topband  fa r  e n o u g h  a w a y  th a t th e
Energy (eV )
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q u an tu m  w e ll g round  s ta te  fe a tu re  is c learly  visib le. T h is  in d icates  th a t th e  p rob lem  
o f not being  a b le  to  o b s e rv e  th e  q u an tu m  w ell fe a tu re s  is in d eed  prim arily  d u e  to  
th e  high re flec ta n ce  o f th e  s tru c tu re  a t  th e  w a v e le n g th s  a t w h ich  it norm ally  occurs. 
T h e  q u an tu m  w e ll fe a tu re  o b se rve d  a lso  sho w s th a t th e  m ultip le  w e lls  in this a c tiv e  
reg ion w e re  g row n w ith  re la tiv e  uniform ity  an d  th a t coupling  b e tw e e n  th em  is 
neglig ib le.
Figure 7.12i and 7.12ii R and PR spectra measured from VCSEL sample E2 as a function of 
position or angle of incidence of the probe beam on the sample respectively. The relative position 
(in mm) of the measurements is indicated on the right hand side of the graph by the arrows, or the 
angle of incidence is labelled on the left hand side of the graph, where appropriate. Successive 
spectra are offset for clarity and the numbers on the PR spectra indicate multiplicative factors 
carried out to ensure ail the spectra are approximately the same size for clarity. The cavity mode 
and approximate position of the quantum well e1hh1 transitions are identified in the figure, also for 
clarity.
T h e  a n g le  tun ed  re so n an c e  is su m m arised  in figure  7 .1 3  an d  th e  P R  cav ity  
m o d e  fe a tu re  is not a s  strong ly  e n h a n c e d  a s  o b served  in th e  IR  V C S E L  structures. 
H o w e v e r  th e re  is a  lin esh ap e  varia tio n  c lea rly  v isib le  as  th e  tw o  fe a tu re s  in teract. 
T h e  red u ced  re so n an c e  m ay  be b e c a u s e  th e  q u an tu m  w ell fe a tu re  is b ro ad e n ed  or 
w e a k e r  th an  in th e  IR  s tructures. A lte rn a tive ly  it m ay  b e  d u e  to  th e  red u ced  fin es se  
o f th e  cav ity  m o d e  dip  b e c a u s e  o f th e  red uced  up p er D B R  in th e  structure . T h e  
th eo re tica l in teraction  o f th e  lin e sh a p es  in th e  m od u lated  s p e c tra  used  to d escrib e
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th e  re s o n a n c e  b e tw e e n  th e  q u an tu m  w ell and  cav ity  m o d e  fe a tu re s  fo r th e  IR  
V C S E L s  predicts  a  reduction  in th e  re s o n a n c e  w ith  b ro ad e n ed  fea tu re s .
T h e  structura l non-un ifo rm ity  a cro ss  th e  p la n e  o f g row th  fo r this s a m p le  w a s  
m uch lo w er th an  for th e  1 p m  s a m p le s  R M B 1 0 4 8  and  R M B 6 2 7  but it is still 
significant. T h e  positional tun ing  o f th e  cav ity  m ode, u sed  in conjunction  w ith  th e  
varia tio n  a c h ie v e d  by a n g le  tun ing  a llo w s  th e  q u an tu m  w ell trans ition  to b e  shifted  
o u t o f th e  high re fle c ta n c e  s to p b an d . T h is  is th e  only m eth o d  fo r this s am p le  
th e re fo re , short o f e tch ing, a t room  te m p e ra tu re  to  a llo w  th e  fe a tu re  to  b e  o b se rve d  
individually. T h e re  is a  d iffe re n c e  o f -  10 m e V  b e tw e e n  th e  e n e rg y  o f th e  
e n h a n c e m e n t o f th e  P R  cav ity  m o d e  signal a s  it is co inc id en t w ith  th e  e1h h 1  
transition  e n e rg y  an d  th e  e n e rg y  o f th e  e1h h 1  P R  fe a tu re  o b s e rv e d  w h e n  th e  high  
re flec ta n ce  s to p b an d  h as  b ee n  sh ifted  a w a y  in energ y . T h is  m ay  b e  b e c a u s e  th e  
structure  o f th e  q u an tu m  w ell is a lso  non-un ifo rm  to w ard s  th e  w a fe rs  e d g e . T h e  
filter cut o ff m e a n s  th a t it is not poss ib le  to  o b s e rv e  th e  h ig h er e n e rg y  q u an tu m  w ell 
trans itions  o r th e  F K O s  a ss o c ia te d  w ith  th e  b arrier m ate ria l from  this sam p le . 
T h e re  a re  a lso  no signs o f th e  fe a tu re s  a sso c ia ted  w ith  th e  in te rfe ren c e  e ffec ts  
from  th e  m u lti-layer structure . T h is  is p resu m ab ly  d u e  to th e  high re flec ta n ce  o f th e  
sto p b an d  o r n on-un ifo rm ities  in th e  s tru c tu re  w e a k e n in g  o r b ro ad en in g  th e s e  
fea tu re s .
7 .2 i i i  R  a n d  P R  S tu d ie s  o f  D e v ic e  F a i lu r e  V C S E L  S t r u c tu r e  M R 1 0 0 9
Summary of
F ig u re  7 .1 3  S u m m a ry  o f th e  
m e a s u re m e n ts  o f re s o n a n c e  b e tw e en  th e  
cav ity  m ode an d  e 1h h 1  fo r V C S E L  E 2 . 
T h e  d a ta  points s h o w  th e  cav ity  m o d e  
e n e rg y  and  P R  s igna l in tensity  a s  a  
function  o f an g le  o f inc idence.
55
Angle of Incidence (°)
F ig u re  7 .1 4  sho w s th e  re fle c ta n c e  and  P R  spectru m  m e as u red  from  V C S E L  
M R 1 0 0 9  Woodhead* 1998 d es ig n ed  to  o p e ra te  a t 6 5 0  nm . T h e  s tru c tu re  consis ts  o f fo u r
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6 0  A  ln.6G a .4P q u an tu m  w e lls  in th e  cav ity  w ith top  a n d  bottom  A l.9G a .1A s  /  
A I.5G a .5A s  D B R s  o f 31 an d  41 pairs  resp ective ly . T h e  re fle c ta n c e  spectru m  sho w s  
th e  typ ical s to p b an d  a p p ro x im a te ly  4 0  nm  w id e  and  subs id ia ry  in te rfe ren c e  
fe a tu re s , it is a lso  c le a r th a t th e  cav ity  m o d e  dip a t a b o u t 6 6 0  nm  is o ffset from  th e
c e n tre  o f th e  high re fle c ta n c e  s to p b an d . T h e  m o d u la ted  spectru m  sho w s th a t th e
cav ity  m o d e  dip is th e  d o m in an t fe a tu re  an d  th a t it is w e a k e r  th a n  o b served  in th e
IR  V C S E L s . T h e  cav ity  m o d e  is a lso  
offset from  th e  c e n tre  o f th e  s to p b an d  to  
lo n g er w a v e le n g th s , ft  fit to  th e  
re flec ta n ce  s to p b an d  a lso  show n in figure  
7 .1 4  w a s  a c h ie v e d  by shorten ing  th e
length  o f th e  cav ity  reg ion by 10  %  in th e  
nom inal s tructure.
Figure 7.14 R and PR spectra measured from 
VCSEL sample MR1009 (dotted line), the fit 
(solid line) to the R spectrum was modelled from 
the nominal structure but with a 10 %  reduction 
in the thickness of the cavity region. The cavity 
mode is identified for clarity.
T h e  q u an tu m  w ell e1h h 1  fe a tu re  is not v is ib le  in th e  P R  spectru m , 
presu m ab ly  b e c a u s e  o f th e  high re fle c ta n c e  o f th e  s to p b an d . M o re  im portantly , no  
re s o n a n c e  e ffec ts  w e re  o b se rve d  by a n g le  tun ing th e  cav ity  though  its e n tire  lim it 
o f a b o u t 15  nm . T h is  w ou ld  a p p e a r  to  ind icate  th a t th e  o ffse t in th e  cav ity  length  
has  s e p a ra te d  th e  sp ectra l positions o f th e  cav ity  and  q u an tu m  w e ll suffic iently  th a t  
no o ve rla p  is o b ta in ed . T h e  a lte rn a tiv e  s tructure  and  op tica l characteris tics  for  
M R 1 0 0 9  m ay a lso  be resp o n sib le  fo r c h a n g e s  to th e  e ffec ts  o f re so n an ce . 
H o w e v e r  a  d iffe ren t s tru c tu re  will be  req u ired  w h e re  th e  re s o n a n c e  is v is ib le  to  
in ves tig a te  this further. D e v ic e s  fab ric a te d  from  M R 1 0 0 9  fa iled  to  o p e ra te  
successfu lly  a t con tin u o us w a v e  a n d  room  te m p e ra tu re  Woodhead- 1998 p resu m ab ly  
d u e  to  th e  e x te n t o f th e  m ism atch  in th e  spectra l positions o f th e  cav ity  an d  
q u an tu m  w e ll e 1 h h 1 transitions.
N ev erth e les s , th e  results  fro m  th is  s tructure  a re  v e ry  usefu l ind icators  for  
th e  characteris tics , w h ich  will b e  o b se rve d  in m e a s u re m e n ts  o f th e  sho rte r  
w a v e le n g th  V C S E L s . It is a lso  im p o rtan t to  n o te  th a t th e  m e a s u re m e n ts  o f this
E n ergy  (e V )
stru c tu re  m a d e  using e ith e r H e N e  lasers  o p erating  a t 6 3 2 .8  nm  an d  5 4 3 .2  nm  
w a v e le n g th s  a s  a  pu m p  b ea m  w e re  not ap p rec iab ly  d ifferent. T h is  ind icates  th a t  
th e  p en etra tio n  o f th e  m odu lation  s o u rce  light into th e  s tru c tu re  is not th e  s ingle  
reaso n  fo r th e  lack  o f an  o b s e rv a b le  q u an tu m  w ell fea tu re . T h e  P R  m e a s u re m e n ts  
m a d e  w ith  th e  s h o rte r w a v e le n g th  la s e r a lso  re ve a led  no d e a r  fe a tu re s  a ss o c ia te d  
w ith  b arrier F K O s  o r w ith  in te rfe ren c e  b a s e d  on th e  m u lti-layer structure .
7 .2 iv  U s in g  P R  M e a s u re d  R e s o n a n c e  T o  L o c a te  M a te r ia l  F o r  D e v ic e s
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Figure 7.15 R and PR spectra measured from 
VCSEL sample E3, ail important spectral features 
are identified for clarity.
A n o th e r V C S E L  s am p le  E 3  EPI’ 1 
d es ig n ed  to la se  a t a b o u t 6 7 0  nm  w a s  
o b ta in ed  fo r s tudy. T h e  V C S E L  had  
c o m p ress ive ly  s tra in ed  In G a P  q u an tu m  
w e lls  and  A I.5G a .5A s  /  A lA s  D B R s  Sale' 200°, 
a lthough  co m p le te  s tructura l d eta ils  w e re  
u n av a ilab le  for co m m erc ia l reaso ns . T h e  
w a fe r  w a s  g row n w ith o u t rotation and , a s  a  
result, it p o ssessed  a  h ig h er d e g re e  o f  
structura l non-un iform ity  acro ss  th e  p la n e  o f grow th. T h e  cav ity  m o d e  shifted  
ap p ro x im a te ly  linearly  to lo n g er w a v e le n g th s  by 2  nm  p er m m  acro ss  h a lf o f th e  
w a fe r  and  w a s  re la tive ly  co n s ta n t a cro ss  th e  o th e r h a lf o f  th e  w a fe r. T h is  w a s  a  
c o m p le te  V C S E L  s tru c tu re  and , a s  sho w n  in fig u re  7 .1 5 , th e  re flec ta n ce  spectru m  
a p p e a rs  to  conta in  a  secon d  c av ity  m o d e  dip o ffset to  lo n g er w a v e le n g th s  in th e  
sto p b an d . T h is  fe a tu re  is not o b se rve d  in th e  P R  sp ectru m  h o w ev e r. T h e  P R  
spectru m  a lso  fa ils  to re v e a l a n y  fe a tu re  correspond ing  to  th e  q u an tu m  w ell e1h h 1  
transition, p resu m ab ly  b e c a u s e  o f th e  high re flec tan ce  o f th e  s to p b an d . T h e  P R  
spectru m  is th e re fo re  d o m in ated  by th e  cav ity  m o d e  fe a tu re  w ith  no c le a r  
in te rfe ren c e  fe a tu re s  a t lo n g er w a v e le n g th s . T h e  filter cut o u t a t sho rt w a v e le n g th s  
m a d e  it im possib le  to o b s e rv e  th e  b arrie r b an d g ap  fea tu re .
T h e  s am p le  w a s  m a p p e d  a t 1 m m  in terva ls  a long  th e  d ia m e te r  a t norm al 
in c id en ce  and  using a  3 m W  6 3 2 .8  nm  H e N e  la se r a s  th e  m odu lation  source. T o
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a c h ie v e  a  re liab le  s ignal to  n o ise  ratio, th e  resolution w a s  lim ited to  a b o u t ~  1 nm  
(2  to 3 m e V ) (F W H M ). T h e  R  an d  P R  s p e c tra  m e as u red  a re  show n in fig u re  7 .1 6 . 
T h e  b re ak s  in th e  m ap ping , b e tw e e n  3 m m  and  6  m m , and  11 m m  and  17 m m , 
w e re  c au se d  by d e fe c ts  in th e  w a fe r  g row th , w h ich  w e re  c lea rly  v is ib le  by e y e  as  
disco loration  o f th e  su rface . A lth o u g h  th e  m e a s u re m e n ts  a t  th o s e  points w e re  
w e a k e r  an d  bro ad er, m uch o f th e  fe a tu re s  o f th e  s p e ctra  re m ain ed  id entifiab le  but 
th e  d a ta  a re  not inc luded  a s  th e  resu lts  m ay  be m is lead ing . M ap p in g  in th e  
p erp e n d icu la r d irection  to  th e  d ia m e te r  ind icated  no s ign ificant varia tio n s  in 
stru c tu re  in this d irection , h o w ever. A ltho u g h  th e  cav ity  could  a lso  b e  m o ved  w ith  
a n g le  tun ing , no add itiona l in fo rm ation  could  b e  g ained  from  such  m e as u rem e n ts , 
a s  it w a s n ’t poss ib le  to m o v e  th e  high re flec ta n ce  s to p b an d  ou t o f ra n g e  o f th e  
q u an tu m  w ell e1hh1 transition  to  o b s e rv e  th a t fea tu re .
Figure 7.16 R and PR spectra measured from 
VCSEL sample E3 as a function of position on 
the wafer. The positions are labelled on the right 
hand side of the figure. Successive spectra are 
offset for clarity and the numbers on the PR 
spectra indicate the multiplicative factor, which 
was used to ensure that all the spectra are 
approximately the same size for clarity. The 
cavity mode and approximate position of the 
quantum well e1hh1 are identified in the figure, 
also for clarity."ftef# *p^ fcr «.fc isAirltsr
T h e  cav ity  m o d e  is s ee n  to  m o v e  
to  sh o rte r w a v e le n g th s  o v e r th e  last 15  
m m  or so o f th e  w a fe r  d ia m e te r  in an  
a p p ro x im ate ly  lin ear fash ion . In R  it 
a p p e a rs  to  d e e p e n  a t a b o u t 17 m m  b efo re  return ing to  its norm al dep th  p as t th e  
d efect. In P R  th e  e n h a n c e m e n t a s s o c ia te d  w ith re s o n a n c e  o ccurs  a t a  position o f 
a p p ro x im a te ly  2 0  m m , w h ich  in d icates  re so n an ce . In teresting ly , th e  cav ity  P R  
fe a tu re  b e c o m e s  v e ry  m uch w e a k e r  p as t th e  defect, b e tw e e n  11 m m  and  6  m m , 
an d  is a lso  a cc o m p a n ie d  by a  p h a s e  ch a n g e . T h e  s ignal s tren g th  o f th e  cav ity  
fe a tu re  rises  ag a in  a b o v e  th e  orig inal leve ls  a t ab o u t 2  m m  n e a r th e  w a fe r  e d g e  
p as t a n o th e r crack, b e tw e en  6  m m  a n d  3  m m , but th e  lin e sh a p e  rem ain s  a lte red . 
T h is  is p re su m e d  to  be  d u e  to  a lte ra tio n s  in th e  q u an tu m  w e ll com position  to w ard s
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the wafer edge, which shifts the energy of the e 1hh1 transition back towards 
resonance with the cavity mode. In addition, the cavity appears to vary little in 
wavelength past the defect and near to it even appears to reverse direction.
Figure 7.17 P R  signal intensity and cavity 
mode wavelength as a function of position 
across V CS EL  sample E3, the measurements 
are open circles and the solid lines indicate 
simple fits to the data, as discussed in the text.
Figure 7.17 summarises this 
information in terms of cavity mode 
position and signal strength, the latter 
information being taken from the PR 
spectra but the former was taken from 
the centre of the cavity dips in the 
reflectance spectra. The resonance is 
clearly visible as an enhancement in the 
PR cavity signal strength of approximately 40 times the weakest signal, which is of 
the sam e order as that observed for the 1 \ x r r \  structures RMB1048 and RMB627. 
This form of plot appears to give a clear indication of the resonance position 
between the quantum well and cavity mode where the quantum well transition 
energy itself is not visible. More importantly these results were found to be 
reproducible to the limit of the measurement position on the wafer where there is a 
considerable lack of structural uniformity observed across the plane of growth and 
therefore the resonance is particularly sensitive to position.
To test the validity of this characterisation, devices were fabricated from 
material at various points on the wafer by Dr T. Sale Hosea’ 1999, Sa,e’ 200°. Devices 
were fabricated at positions in and away from resonance. Devices were tested in 
continuous mode and near room temperature from both sites. The devices from 
near resonance lased with a distinct threshold and clear speckle patterns were 
observed whereas, only dim LED emission was observed from those devices 
fabricated from material where growth w as away from the nominal Sale> 200°. These  
results agree well with the optical characterisation in that those devices produced 
from the material at resonance operated successfully with characteristics close to
Position of resonance
Position Across Wafer (mm)
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the nominal design while those fabricated from material at points where the 
quantum well transition w as not in resonance with the cavity mode failed to lase.
7.2v Summary of The Results and Applications of VCSEL Characterisation at 
Shorter Wavelengths
These measurements provide the clearest examples so  far of the 
applicability of these optical techniques to the useful characterisation of VCSEL 
material across the range of wavelengths studied. The results also demonstrate 
that the inability to resolve the quantum well feature individually for structures at 
these visible wavelengths does not invalidate the application of the lineshape 
analysis. The measurements provide useful information concerning the physics 
and structures of these VCSELs and they also provide important information for 
device details.
Commercial process wafers will generally be more uniform in growth and it 
might not be feasible to test each one with these techniques to find regions for 
device fabrication as demonstrated for VCSEL E3. The optical characterisation 
remains useful for prototypes however and also for commercial testing of growth 
reliability, random wafer testing from a batch or assessing the structure of material 
where device results are poor as w as carried out on MR1009 Pollak’ 1993b> Bauer' 1996. 
The next section of this chapter d iscusses the optical characterisation of VCSEL 
material grown for the BREDSEL project in which som e of these useful 
applications are demonstrated and once again it is possible to use device results to 
corroborate the findings.
7 . 3  B R E D S E L s  6 5 0  n m
The information from measurements and theoretical calculations concerning 
optical and electrical properties of various VCSEL structures w as used to produce 
a series of designs for VCSEL material, to operate at wavelengths around 650 nm 
H o sea , 1999 y h e s e  w e r e  g r o w n  t y  g p |  EPI-1 jn  third year of the BREDSEL project. 
Most of the variations in the structure were concerned with the active region and 
included electron and hole confinement layers to reduce carrier losses in the 
cavity, which couldn’t be observed with optical techniques. Modifications were also
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made to the doping in the DBR mirrors. As summarised in table 7.1, the number of 
layers in the DBRs was also increased to achieve a sufficiently high photon density 
and sustain lasing in the devices. Unfortunately the doping required for the 
necessary electrical properties and the increase in reflectivities from the DBRs 
both act to reduce the penetration of the probe beam into the VCSEL structures.
Four designs were supplied, each in three forms: rotated wafers; non­
rotated wafers; and edge-emitter material. This combination meant that the full 
structure could be evaluated and used for device fabrication and, in addition, the 
active region could be studied. This latter could be achieved either by shifting the 
high reflectance stopband away from the nominal wavelength of the quantum well 
or by measuring the edge-emitter material. Although measurements were made on 
all four designs, extensive study w as only carried out on samples taken from 
design 0304 and only the results from this design are presented here. Sample 
0304 consisted of four 45 A InGaP quantum wells in the cavity with top and bottom 
AI.5Ga.5As / AlAs DBRs of 30 and 49 pairs respectively. This structure w as chosen  
because it produced the most successful devices studied by colleagues at Surrey 
and elsewhere and som e device results are presented later in the section Hosea’1999,
S w eeney, 2000a, Sw eeney, 2000b
7.3i R, SE and Modulated Spectroscopic Studies of Rotated BREDSEL 
Structure 0304
The rotated sample w as found to have a high degree of structural 
uniformity, the cavity mode shifting by only 1 or 2 nm along the majority of the 
wafer diameter. R and modulated R measurements were made using the standard 
apparatus described in chapter 3 at approximately 11° angle of incidence with the 
Si detector and either the 632.8 nm, 3 mW HeNe laser or the contactless 
electroreflectance (CER) mount for modulation unless otherwise stated. The 
measurements were made with a resolution of approximately 1 to 2 meV (FWHM) 
although additional detail w as not visible when this resolution w as improved. By 
using near normal rather than normal incidence measurements it was possible to 
remove the light lo sses from the use of beam-splitters. However, the effects of 
polarisation were found to be minimal Ghosh’1. Spectroscopic eiiipsometry (SE) and 
photomodulated SE (PSE) measurements were made using the standard
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apparatus at 70° angle of incidence and using the 632.8 nm, 3 mW HeNe laser for 
modulation.
Figure 7.18 shows R (blue line) and CER (black line) spectra taken from 
near the centre of the uniform wafer. The stopband is symmetrical and agreed well 
with a modelled reflectance spectrum of the nominal design also shown in figure 
7.18 as a red line. As discussed previously, the stopband is narrower than that 
observed in the structures designed to operate at IR wavelengths, approximately 
40 nm in spectral width. The cavity mode is considerably weaker in comparison 
with those of the IR structures studied, narrower and shallower presumably due to 
greater number of layers and the increased absorption in the shorter wavelength 
DBRs. In the modulated spectra, both PR and CER show a clear cavity mode 
feature and som e indication of interference features as well as the FKOs 
associated with the barrier material (AI.3Ga.7X5ln.5P. The PR spectrum is not shown 
here because it provided no additional information.
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Figure 7.18 R (Mae line) and C E R  (btak line) 
spectra measured from rotated V C S E L  
sample 0304, £ll important spectral features 
are identified for clarity. Also shown is a 
reflectance spectrum ( r-ect line) modelled 
from the nominal structure.
Figure 7.19 SE T  and A (blue lines) and PSE 
A <s2> (bLck line) spectra measured from 
rotated V C S E L  sample 0304, All important 
spectral features are identified for clarity. 
Also shown are SE ¥  and A spectra (red 
lines) modelled from the nominal structure.
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Figure 7.19 shows corresponding SE and PSE spectra measured and 
modelled from sample 0304. The W  spectrum shows the cavity mode and high 
reflectance stopband features of the R spectrum, as well as the subsidiary 
interference features. The modelled spectra are in good agreement with the 
measured data indicating that the structure is close to the nominal design. The 
PSE A<S2> spectrum shows a very strong cavity mode feature, also visible in the 
A<si> spectrum, not shown. Under magnification, weaker interference features are 
also visible.
There is no visible quantum well feature in any of the modulated spectra 
however, presumably because of the high reflectance of the VCSEL stopband. 
There is also no sign of the quantum well features beyond the high reflectance 
stopband and, since the remainder of the structure is very close to the nominal 
growth, it is likely that the quantum well growth is approximately uniform. PL 
measurements from the wafer EPI’ 1 peaked at the wavelength of the cavity mode, 
as expected, due to the filtering effect of the reflectance spectrum GramI,ch*1995, This 
does indicate that the quantum well e 1hh1 transition energy must be close to that 
of the cavity mode however. In addition, the device results Sweeney- 1 indicate that 
there must be at least an approximate resonance between the quantum well and 
cavity mode energies.
The additional problem of the high reflectance of the stopband at 650 nm for 
this sample significantly reducing the penetration of the modulating beam was 
addressed in two ways. Firstly by using a HeNe laser with a shorter operating 
wavelength of 543.2 nm for PR and also by using a CER apparatus with Ghosh 
Ghosh, 2 y he q ER technique offers advantages over PR in terms of the penetration 
depth of the modulation in the structure. The apparatus w as limited however for 
positional mapping and angle tuning because of the required indium-tin-oxide 
(ITO)-coated glass slide covering the sample, and more importantly, because of 
the extended area of the sample that is modulated during a measurement. The 
alternative HeNe laser possessed  a lower power of 1.8 mW and less stability than 
the 632.8 nm HeNe and provided no additional information.
7.3ii R, SE and Modulated Spectroscopic Studies of Non-rotated BREDSEL 
Structure 0304
Measurements were also m a d e  on the non-rotated sample of 0304, which
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showed the lack of uniformity in structure across the plane of growth as a visible 
colour change. Figure 7.20 shows the SE spectra measured at 4 points across the 
diameter of 0304 as blue lines. The stopband showed an approximately linear 
trend in shifting to longer wavelengths by 5 nm per mm. This stopband shift was 
fitted approximately by modelling a change in layer thicknesses in the DBRs from 
25 % thinner to 35 % thicker than the nominal structure across the wafer. The 
stopband also reduced in spectral width by about 0.3 nm per mm indicating that the 
composition of the DBR layers was also varying. This change w as approximately 
modelled by reducing the aluminium content of the DBR layers by 10 % across the 
wafer. Figure 7.20 also shows the modelled ¥  spectra for the measurements made 
at each end of the wafer as solid lines.
Figure 7.20 SE ¥ (blue lines) spectra measured at 
various positions across non-rotated V C S E L  sample 
0304, spectra are offset for clarity. Also shown are 
modelled ¥ spectra (red lines) for the two extreme 
measurements with an appropriately modified 
structure, as discussed in the text.
The cavity mode dip was not visible in 
the ¥ ,  A, or corresponding R or CER Hosea’
1999 spectra at the two positions furthest from 
the major flat of the wafer, where the
structure is furthest from the nominal design. 
This may be because of the reduced
satisfaction of the Bragg condition in the DBRs, which will reduce the finesse of the 
cavity. It is also possible that the cavity length does not vary with position to follow 
the stopband shift exactly as the structure becom es increasingly removed from the 
nominal design away from the major flat edge of the wafer. Interestingly, the PSE 
spectra show a clear feature at approximately the energy of the middle of the
stopband at all points across the non-uniform wafer. This feature may be because
the SE seem s more sensitive to the cavity or it may be associated with the large 
phase change in A at the centre of the stopband.
Perhaps more importantly the quantum well e 1hh1 transition is exposed to 
the side of the high reflectance stopband, at positions where the structure is far 
from the nominal design. Figure 7.21 shows CER spectra taken at points across
Energy (eV)
7. Characterisation of Shorter Wavelength VCSELs 167
the plane of growth where the high reflectance stopband is close to resonance with 
the quantum well transition, and also where it is separated from the quantum well 
transition. Also shown in figure 7.21 is the reflectance spectrum of the VCSEL near 
normal structure and PL measured from the sample EP1, 1 that, without the 
modifying effects of the reflectance spectrum, coincides with the CER feature 
associated with the quantum well e 1hh1 transition energy.
Figure 7.21 R, C E R  and PL spectra measured from 
positions on non-rotated V C S E L  sample 0304 
where the quantum well e1 hh1 was coincident with, 
and separated from, the high reflectance stopband. 
All important spectral features are identified in the 
figure for clarity.
The feature associated with the 
e 1 hh1 quantum well transition visible in the 
CER measurements in figure 7.21, is 
clearly very different from the simple
oscillatory features observed in other 
samples. Figure 7.21 shows a sharply 
oscillatory feature, which is neither
indicative of a single quantum well feature or one broadened by non-uniformity in a 
series of wells. It could be due to coupling between the multiple quantum wells in 
the active region, since the barriers between them are only 5 nm thick. This is 
possibly due to the effects of both coupling in the wells and a field strength
sufficient to produce Franz-Keldysh-like oscillations in the wells but it was beyond
the scope of this study to investigate this feature further. FKOs observed in
quantum wells previously are discussed in more detail in, for example Glembocki,
1992. Corresponding PSE measurements showed a similar weak oscillatory 
feature but the signal to noise ratio w as too low to provide any further information.
There is no indication in the measurements made on either sample of 0304, 
where the cavity mode is approximately in resonance with the extended quantum 
well e 1hh1 transition, of a significant change in the signal strength of the cavity 
mode feature. This would appear to indicate that, in a manner similar to that 
observed for the sample QT960, the large width of the quantum well feature leads 
to a much weaker interaction in which the two features may simply pass through
Energy (eV)
7. Characterisation of Shorter Wavelength VCSELs 168
each other without a noticeable resonance. Som e phase changes in the cavity 
mode feature were observed during the tuning however, this may be indicative of 
the occurrence of a resonance or alternatively it may be caused by the optical 
thickness change of the cavity with the changing angle of incidence, as discussed  
in section 6.1. Attempts at using the lineshape fitting technique, which proved so  
successful with the IR VCSELs, showed that this was not compatible with the 
measurements of the BREDSEL structure.
7.3iii Further Study of 0304 Quantum Well Using Etching and Device Results
Energy (eV)
Figure 7.22 R  (blue line) and C E R  (black 
line) spectra measured from rotated V C S E L  
sample E0304 after etching of the top D B R  
stack. Also shown is a modelled R  spectrum 
(red line) as discussed in the text. All 
important spectral features are identified, 
also for clarity.
Energy (eV)
Figure 7.23 R (blue line) and emission 
spectra (red line) measured from rotated 
V CS EL  sample E0304, the lasing spectrum 
is inverted and shifted by - 6 nm to allow for 
heating effects, in order to high-light the 
similar structures. All important spectral 
features are identified for clarity.
In an attempt to locate and further characterise the quantum well transition 
feature, a small piece of the rotated 0304 sample was subjected to a series of 10 
second etchings as described in section 3.5 and R and CER spectra were
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measured after each etch. Figure 7.22 shows the R and CER after prolonged 
exposure to a selective etchant. Although the etching reduced the reflectivity of the 
stopband, the effect of the remaining lower DBR stack and the partial upper DBR 
maintained a relatively high reflectance. The reflectance is modelled with the 
nominal structure but with half the layers of the upper DBR stack removed. The 
model of the reflectance is satisfactory but requires a compromise between the 
lineshape and height of the stopband. The quantum well feature remained 
obscured under these circumstances; its broadened nature probably made any 
weak feature unidentifiable against the effects of the optical interference. Although 
the removal of the DBR resulted in a reduction in the finesse of the cavity, it is still 
present because of the remaining partial structure. Further modelling of the 
reflectance spectrum of the 0304 VCSEL structure with the entire upper DBR 
removed showed that the high reflectance stopband would be further reduced in 
magnitude and spectral width and that the cavity dip is still present because of the 
remaining lower DBR.
The approximate resonance between the cavity mode and quantum well 
energies on the rotated 0304 VCSEL was confirmed by the successful operation of 
devices fabricated from the material. The extended width of the quantum well 
feature was also confirmed with device measurements by Sw eeney Sweeney- 1 which, 
as shown in figure 7.23, lead to a high level of spontaneous emission from the 
VCSEL having a spectrum filtered by the reflectance of the structure, also shown 
in figure 7.23. These results provide another useful corroboration between 
structural and device measurements. Only one of the two modes visible in the 
emission spectrum actually lased in the device.
To summarise, the quantum well and active region of the visible VCSEL 
structures were not visible using the optical and modulation techniques used here 
because of the high reflectances of the DBRs required to ensure device operation. 
Despite the use of alternative modulation techniques, angle tuning of the cavity 
near resonance and the etching away of the top DBR mirror, it was not possible to 
observe the features associated with this part of the VCSEL. It has still been 
possible to learn a great deal of useful information from the measurements made 
from these structures however. Furthermore, measurements made on the 
corresponding edge-emitter material 4304, described in section 5.4, provided 
information concerning the quantum well and barrier materials, which indicate that 
nominal growth had been achieved, in agreement with the results of this section.
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The edge-emitter quantum well features correspond to the expected lineshape, 
rather than the extended oscillatory features observed from the VCSEL material.
7.3iv Structural Designs; Results of The BREDSEL Project
The results from this section have shown that the EPI growth was close to 
nominal and highly uniform across the plane of growth of the wafer. The height and 
narrow spectral width of the reflectance stopband indicate that the growth of the 
DBRs has also been uniform in the growth direction. The increased number of 
layer pairs in the DBR stacks has led to a narrower and shallower cavity, which 
was observed to be somewhat deeper under higher resolution, at approximately 
the nominal energy. The structure produced successful lasing devices but the 
significantly increased reflectance may act to reduce the possible output power of 
the devices.
The four quantum wells in the cavity have also been observed to produce 
the e1hh1 transition at approximately the nominal energy. The device and PL and 
CER results show a significantly broad quantum well feature, however, 
corresponding to the lasing transition, which may be a result of non-uniformities in 
growth, and or coupling between the wells. This should result in a less efficient 
device but also will act to reduce stringent requirement on the wavelengths of the 
cavity and high reflectance stopband to be in resonance with that of the quantum 
well. These observations indicate that the structures are successful but that there 
may remain scope in the design for alterations to optimise the device 
characteristics Game,in'1892.
7 . 4  C o n c l u s i o n s
7.4i Optical Characterisation and BREDSEL Material
The VCSEL is a very promising device for widespread application in the 
ever expanding field of optoelectronic communication. The new devices, designed  
to operate at visible wavelengths, can be incorporated into optical connection 
arrays for data transfer in computers. The BREDSEL project was successful in the 
production of VCSELs to operate at 650 nm, although at the stage of the
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conclusion of these studies the operating characteristics of the devices were not 
optimised Hosea’1999.
Optical techniques have been shown to be highly applicable for the 
characterisation of the material and structures. R, SE and modulated spectroscopic 
measurements have been made and modelled successfully for various VCSEL 
materials, using new alternative lineshapes. This chapter and the preceding one 
contain many examples of how the optical techniques can be used to examine 
structure, compositions and growth uniformity of the DBRs, cavity and quantum 
wells of VCSEL material. The information has been used to examine the structure, 
interpret device characteristics and identify regions of successful growth for 
devices.
In fact, it was eventually found necessary to use EPI as the source of the 
material for the BREDSEL designs to secure growth of sufficient quality and 
uniformity. Not only does this company have a great deal of experience in the 
growth of these structures for devices of a variety of wavelengths, but they also 
guarantee the structures to within 1 % of the nominal. For this, they use optical 
techniques amongst their own array of characterisation tests to continually 
evaluate their grown material for quality control.
7.4ii Effects of VCSEL Design For Shorter Wavelengths
The VCSEL structure has been seen  to undergo a great many changes in 
the conversion of the design from one that will operate at 1 pm to one that will lase 
at 650 nm Sale’ 1995*Sale-1997, The DBRs have to be constructed of AIGaAs alloys with 
an increasing Al content to reduce to shift the bandgap to higher energies and 
reduce absorption at the lasing wavelength. As has been discussed, this leads to a 
reduction in the spectral width of the high reflectance stopband. Whilst the 
tolerance in the structure to cavity or well misgrowth has been reduced by the 
narrower stopband, the visible wavelength VCSELs also contain multiple quantum 
wells, which tend to have extended spectral widths, allowing for a less precise 
overlap between the e1hh1 and cavity wavelengths. The broadening of the 
quantum well feature leads to a less efficient device, producing effects such as the 
spontaneous emission observed from the stopband edges in som e of the 
BREDSEL devices. The advantage of the broadened transition is not only an 
increased tolerance to the cavity mode resonance but also an improved
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temperature range over which the resonance, and hence device operation, will be 
maintained.
While these changes in VCSEL structure at shorter wavelengths mean that 
the resonance between the e 1 hh1 transition and the cavity mode is less important, 
and also less obvious from optical characterisation techniques, the resonance 
between these two features and the high reflectance stopband has become more 
significant, and any mismatch between these will be visible in such optical 
measurements. A one percent tolerance in structure growth represents 6.5 nm, 
which can shift the cavity, for example, from the centre to near one edge of the 
stopband, therefore these characteristics must be monitored carefully. Optical 
measurements remain useful for such monitoring, and for determining the 
uniformity of the DBR growth, as well as the finesse of the cavity all of which can 
be determined from reflectance spectra.
7.4iii Future Work
The VCSEL structure has provided a real and rigorous test of the optical 
characterisation techniques. It is a tribute to the validity of the techniques that the 
information from these measurements has been used throughout this study both to 
corroborate and explain device and growth results, and to provide information for 
the theoretical modelling of VCSELs properties. This chapter describes how the 
newest VCSEL structures have been examined using the optical characterisation 
techniques and how the different structures have required individual approaches to 
determine the necessary information including the use of PSE, CER, etching, and 
the study of equivalent edge-emitter structures. Preliminary measurements from 
alternative structures, which may becom e parts of VCSEL design in the future, 
including dielectric (hybrid) mirrors Lambkin’ 1998 and quantum dots Jacak' i998, have 
also provided promising results and characterisation information. It may be 
expected that these techniques will continue to be very useful for characterisation 
of any further VCSEL developments and other optoelectronic device structures.
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8 . C o n c l u s i o n s
Due to the fact that a variety of techniques have been exploited in this work, 
an effort has been made throughout to describe the various characteristics of the 
techniques them selves and often a comparison of the results from different 
measurements is possible. Consequently, the thesis contains a review of 
information concerning both the materials and the techniques used. Chapter 4 
contains a study of the structures of three partial distributed Bragg reflectors 
(DBRs) using reflectance spectroscopy (R), spectroscopic ellipsometry (SE), 
photomodulated reflectance (PR) as well as high-resolution X-ray diffraction 
(HXRD) and transmission electron microscopy (TEM). Chapters 5, 6 and 7 also 
contain various comparisons between PR, photomodulated SE (PSE) and 
contactless electroreflectance (CER).
Optical characterisation techniques do not generally provide numerical 
values for the parameters of a sample directly; rather they tend to provide data that 
may be fitted by modelling the sample’s  measured response such as, for example, 
the reflectance. Since this is the case, a significant effort has been made 
throughout to seek  as much information concerning the sample as possible. 
Beginning from the nominal structure, probable impurity concentrations, growth 
uniformity, and additional details of composition and structure have been used to 
construct and test the models developed to interpret the data. Often, several 
measurements have been made to provide corroboration of the results determined 
from any one of them. Similarly, great use has been made of complementary 
information to add further validity to the models wherever possible. In every ca se  
the results from the modelling, which have been constructed from results obtained 
from different techniques, have been found to be in agreement.
The techniques of R and SE were used to determine the thicknesses of the 
layers at various positions across the plane of growth of three GaAs / AlAs partial 
DBR structures where growth w as deliberately non-uniform. PR measurements 
about the GaAs FKOs associated with the bandgap were modelled in terms of 
phase changes across the plane of growth of these structures to provide another 
determination of the thickness variations in the layers. HXRD and TEM
8.f Evaluation and Application of Optical Characterisation Techniques
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measurements were also made on these samples and used to determine the layer 
thicknesses at various points. The results from ail the techniques across all three 
samples were found to be in agreement to about 1 % on average.
More importantly,, the techniques showed good agreement in the 
characterisation of the compositions of the layers in the structure and in the 
uniformity of the layers through the plane of growth of the structures. It w as also 
found that the modelling could sometimes be significantly simplified. For a structure 
with repeating layers, for example a DBR, it was often found possible to assum e  
an average thickness for the layers, which were repeated in the model. This 
simplification is particularly important when considering the complete VCSEL 
structures for which it would not be reliable to model several hundred layers 
individually.
The study also allowed som e investigation into the character and 
applicability, as well as the limitations, of the experimental and analytical 
procedures associated with each technique. Although the results from the 
techniques were in good agreement it w as found that, for example, for one DBR 
sample average thicknesses could describe the repetitive layers satisfactorily for 
the PR and HXRD results but that the R and SE measurements were more 
sensitive to the individual layer thicknesses. It was also found that the SE 
measurements were highly sensitive to the thin surface oxide on the DBR samples 
while the other techniques were not. In addition it was found that the measurement 
and interpretation techniques varied significantly between techniques in terms of 
their difficulty and the amount of apparatus required to implement them. For 
example, R measurements are relatively simple to make but involve complicated 
analysis, while in contrast; TEM involves complicated and destructive sample 
preparation but provides a direct measurement of layer thicknesses.
In chapters 5, 6 and 7, more complicated structures including VCSELs have 
also been modelled using repetitive layers of average composition and thickness in 
the DBRs and cavity. These models have been used successfully to characterise 
and identify misgrowth or problems in structure. For the majority of these studies, 
the paired R and PR techniques have been used to characterise the material 
because of the higher signal to noise ratios and more thoroughly understood 
analysis.
This thesis also describes results from measurements made on bulk and 
multi-layer structures by PSE and PR. In considering these results it has been
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shown that the new technique of PSE can provide useful information for the 
characterising of semiconductor material. Despite the lower signal to noise ratio 
associated with this DC mode technique, PSE has been shown to have 
advantages over PR in som e cases. These include the removal of the need for a 
lock-in amplifier, which allows multi-wavelength detectors to be used. In addition 
the direct scaling possible in the low field regime can simplify analysis and the PL 
background and the laser line are removed from the spectra, which makes a filter 
unnecessary.
A comparison of PSE and PR measurements of multi-layer structures has 
also demonstrated the complexity of the spectra observed. The effects of the 
modulations in the dielectric functions of the individual layers on the observed total 
modulation have been investigated, making use of the VCSELs’ complicated 
structure as an example. Interference features such as the cavity mode dip are 
observed with PSE in VCSEL sam ples and the edges of the high reflectance 
stopband are also observed. Weak features associated with quantum wells can be 
observed in SE spectra while the PSE technique provides a clearer and sharper 
view of these features in a manner similar to PR. The summary of signal to noise 
ratios associated with the different features observed with PSE and PR shows a 
definite agreement between the results for features associated with bulk, quantum 
well and multi-layer material, and the examples given demonstrate its ea se  of 
application to the characterisation of semiconductor material.
S.ii Study and Development of VCSEL Structures For The BREDSEL Project
It was possible to determine the structural information from the optical 
measurements of the DBR sam ples because of the high sensitivity of the 
interference fringes in the R spectra, for example, to the thicknesses and 
composition of the layers in the structure. VCSEL structures p ossess  an optical 
response, which is similarly complicated by the interference features created by its 
multi-layered structure. This has enabled the use of R and SE measurements to 
model the non-uniformity or misgrowth of VCSEL structures and provide valuable 
information about the structure of the DBRs and the cavity region.
As with the investigation of the partial DBR sam ples it is possible to 
determine valuable and physically reliable structural information by averaging the 
parameters of repetitive layers. Valuable information has been determined about
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the composition of the quantum wells and DBRs by modelling the spectral width 
and position of the associated features. In addition, thicknesses of the layers in the 
DBRs and cavities have also been modelled successfully based on the high 
reflectance stopband and cavity features visible in the R and PR spectra. The 
information from these results has been used to determine and explain important 
growth and device characteristics.
PR measurements have enabled investigation of the structure, in terms of 
the cavity length of the VCSEL and also the quantum wells in that cavity. PR 
measurements of the transition energies can be fitted to theoretical models to 
determine the composition and thickness of the wells. In addition, information can 
be determined as to the barrier composition and internal fields from the FKOs 
associated with the barrier material. Details of the uniformity, and coupling effects if 
the cavity contains multiple wells, may also be obtained from these measurements. 
PR and CER measurements made on a variety of VCSEL structures have also 
allowed investigation of the effects of resonance between the cavity mode and 
quantum well transition energies where a variety of methods have been used to 
tune one of the two features through the other.
The flexibility of the optical techniques has allowed them to be used 
successfully to characterise the structures of the VCSELs even as the design has 
been modified to shorten the operating wavelength from 1 j+m to 650 nm. The 
increased reflectance required of the DBRs at the shorter wavelengths and the 
increased absorption due to the doping required for the necessary electrical 
properties both acted to reduce the optical penetration of the probe and pump 
beam. Using a laser with a shorter wavelength shifted the pump beam away from 
the high reflectance region of the DBRs although the absorption of the material 
would be increased at this wavelength; edge-on application of the modulating 
beam w as also tried. CER, even with low voltages, w as found to provide an 
alternative solution and allow an increased modulating field in the cavity.
The characterisation of VCSEL material by the optical techniques, described 
throughout this thesis, provides more than simply an interesting array of structures 
to test each technique with. For successful operation, VCSELs require that the 
wavelengths of the high reflectance stopband, the cavity standing wave and that of 
the quantum well emission are in approximate coincidence at the operating 
temperature. The results have demonstrated that these techniques can identify the 
three important wavelengths and that a distinct and significant resonance can
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occur when the cavity-mode and quantum well features interact. This has led to the 
development of a new lineshape model to describe the PR feature produced by the 
cavity a s  well as an in-depth study of the resonance itself.
Optical characterisation of the structural changes in VCSEL material, due to 
non-uniform growth across the plane of growth, has been used successfully to 
identify regions of a wafer of successful growth where operating VCSELs were 
subsequently fabricated. Similarly, R and PR optical characterisation techniques 
have been used to identify problems in the growth of structures where misgrowth 
offset the energies of the cavity and quantum well transitions respectively. In 
addition, optical characterisation of VCSEL material as a function of temperature 
and hydrostatic pressure has provided valuable information of how the properties 
of these complicated structures are affected by changes in these conditions.
In shorter wavelength VCSEL designs, the spectral widths of the modulated 
features associated with the quantum well features in the cavity were broadened 
due to coupling effects. This broadening changed the effect of the resonance in 
modulated spectra between the quantum wells and the cavity mode, so  that the 
enhancement of the features is no longer observed in the most recent Bright Red 
VCSEL (BREDSEL) designs. The increased spectral width of the quantum well 
transition now makes the resonance less critical however and if the disagreement 
in wavelength between the cavity and quantum well is significant then the quantum 
well may be shifted from the high reflectance stopband and become visible in PR. 
Even if this is not the case, the study of the equivalent edge-emitter structures can 
provide the additional opportunity to study the character of the cavity.
S.iii Optical Characterisation For Further Studies
This study has shown a definite application for the optical techniques 
described for the characterisation of VCSEL material. Preliminary measurements 
have also provided characterisation of hybrid VCSEL structures with partial 
dielectric mirrors. Since VCSELs have a high reflectance and absorption, which 
are problems for beam penetration so  that quantum well features may be weak, the 
study indicates a great potential usefulness for similar characterisation of a great 
variety of other, often simpler structures. These may include material for electronic 
and optoelectronic devices such as  semiconductor lasers, light emitting diodes 
(LEDs), and high-power bipolar transistors (HBTs) and field effect transistors
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(FETs). Preliminary measurements have also shown that these techniques can 
provide useful characterisation of quantum dot material, which may be 
incorporated into novel optoelectronic devices in the near future.
The further application of the optical techniques may also be extended by 
the improvements in technology and apparatus forecast or in existence. PSE and 
the other techniques can benefit greatly by improved signal to noise and resolution, 
factors that are being achieved on a regular basis. Micro-PR and micro lenses for 
PSE are being developed to allow measurements on a scale of less than a 
hundred microns enabling device scale study and the effects of operation on 
device material, for example, to be studied. The continual improvements to the 
processing power and speed of computers as well as the simplification of the 
models, may allow the interpretation of measurements to be made in real time and 
possibly in-situ in the future.
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